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Abstract
The ability to detect small concentrations of biomarkers in patient samples is one of
the cornerstones of modern healthcare. In general, biosensing approaches employed to
address this need are based on measuring signals resulting from the interaction of a large
ensemble of molecules with the sensor. Here, a biosensor platform using DNA origami,
featuring a central cavity with a target–specific DNA aptamer, as carriers for translocation
through nanopores which enables individual biomarkers to be identified and counted to
compile a sensing signal is reported.
It is shown that the modulation of the ion current through the nanopore upon the DNA
origami translocation strongly depends on the presence and in fact the size of a central
cavity. While DNA origami without a central cavity cause a single peak in the ion current,
DNA origami of the same dimensions but featuring a central cavity lead to double peaks
in the ion current. This is also true for DNA origami (with and without central cavities)
made of similar sized DNA but of different dimensions. It is also observed that the
peak characteristics, peak amplitude and the dwell time, are different depending on the
presence or absence of a central cavity.
This work exploits these parameters to generate a biosensing platform capable of
detecting human C–reactive protein (CRP) in clinically relevant fluids. DNA origami
frames with cavities large enough to lead to clear ion current double peaks were designed
and a CRP–specific DNA aptamer was introduced into the cavity. Also, upon binding of
CRP, the ion current peak changes to a single peak and the peak characteristics change.
Using this three–parameter classification, CRP–occupied and unoccupied carriers can be
distinguished when they translocate through the nanopore. Thus CRP biosensing by
computing the ratio of occupied vs total number of frames with a limit of detection of
3 nM is successfully demonstrated.
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Introduction
Rapid and low–cost detection of disease biomarkers is becoming increasingly important
in modern healthcare where a growing focus is placed on early diagnosis [1, 2, 3, 4, 5].
This presents considerable technological challenges as the relevant biomarkers are often
only present at very small concentrations. Ideally, a diagnostic biosensor should be able
to detect the presence of very few biomarkers in a small volume of a complex clinical
sample.
The term biosensor first appeared in the 1960’s to define enzyme electrodes with
biocatalytic activity, and in 1962 Leyland C. Clark put forward the model of biosensor
with an oxygen electrode for glucose measurement via electrochemical detection
[6]. Since then, the concept has seen exponential growth particularly in medical
and clinical science fields, with the advent of various types of biosensors (like
immunosensors, Deoxyribonucleic acid (DNA) sensors, enzyme and tissue based sensor)
and improvements in different detection techniques including optical and electrical
methods [7].
However, despite the development of different sensing strategies, producing highly
sensitive and selective yet simple devices for quantifying analytes remains one of the main
objectives of the field. Techniques (like Enzyme–linked Immunosorbent assay (ELISA),
colorimetric assays and electrochemical sensors) that explore the above objectives often
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make use of ensemble methods where many biomolecules are averaged for target
detection and quantification.
While ensemble techniques are valuable in a way that it reduces noise by averaging
out any abnormal data, as such also becomes a handicap as there could be useful
information hidden in the noise. Thus, single molecule techniques with the ability to
analyse a heterogenous population one entity at a time allow us to understand better
the complex larger picture of biological systems as well as functions of single molecule
[8, 9, 10, 11, 12, 13, 14]. This also prevents any loss of information that could mask the
relevance of that subpopulation of molecules.
From a biosensor point of view, single molecule resolution allows low concentration
detection from a small sample volume, a sensitivity relevant for early stage disease
diagnostics. In that regard, nanopore based biosensing for label free single molecule
detection particularly using nanopipettes is one method that has received substantial
attention.
Nanopipettes for biosensing:
The nanopipette technique is based on the principle of the Coulter counter or
the resistive–pulse technique [15, 16], which involves charged sample molecules
electrophoretically driven though a conical glass capillary (a process termed
translocation) with a nanometer sised aperture. The experimental setup consists of a
nanopipette filled with an electrolyte and immersed in an electrolyte chamber, a working
electrode is inserted inside the nanopipette whereas a reference electrode also in contact
with the electrolyte is grounded (figure 1.1).
Typically, nanopipette experiments can be conducted two ways, backward translocations
where a nanopipette filled with the electrolyte solution contains the molecules of interest
and upon application of voltage the molecules are pushed out through the nanopipette
pore. Alternatively forward translocations, where the molecules of interest are in the
electrolyte chamber and are pulled into the pore of the nanopipette. Either way, under an
applied voltage, electrolyte ions and sample molecules translocate the nanopore. While
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the ion flow through the nanopore is measured as the baseline current, single molecule
capture, entry and translocations are characterised via the modulations in the otherwise
steady current.
While substantial achievements have been accomplished with this technique (chapter 3,
4), there are chief setbacks including inefficient transport and low detection rate–as the
speed of single entity translocations provides a weak signal especially when working with
target protein molecule smaller than the nanopore size. Also, there remains significant
difficulty in selectively detecting one particular analyte from a complex sample like blood,
where thousands of similar sised background analytes are present in excess.
In response to this, a variety of strategies have been already implemented to slow
down protein translocations and improve translocation rate through careful selection of
electrolytes [17, 18], development of high bandwidth electronics [19, 20] or analyte
modification [21].
Use of carrier to overcome setbacks:
More recently studies which examine the use of carrier molecules have also been explored
for increased sensitivity and selectivity by attaching the target molecule onto a large
carrier–antibody, nanoparticle, linear DNA, etc. Thus the fast travelling undetectable
protein targets are effectively made visible to the nanopipette detection system. The
use of a carrier also eliminates the need for any direct target labelling as the specificity
can be incorporated via the carrier itself. In particular, long linear DNA with their
complementarity and programmable nature is a usual carrier choice with advantages
of functionalisation and as such have been repeatedly explored in different studies
[22, 23, 24, 25, 26, 27] for protein detection and quantification.
However, the use of long linear DNA carrier is not without its limitations. Existing
studies have shown that they are prone to forming knots and kinks [28] which are
known to provide false positive signals during nanopore translocation. Moreover, notable
variations in the signal depending on the translocation orientation and high blockage
rates due to the passage of multiple DNA molecules through the nanopore [29, 30] have
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been reported. Recent work to circumvent these problems involved combining single
molecule fluoroscence with nanopore detection to perform successful single molecule
binding assays [27], the electro–optical system though elegant negates the key advantage
of nanopore sensing, of having a simple electrical read–out system.
Figure 1.1: Schematic representation of a) the nanopipette experimental setup wherein
the molecules of interest are translocated from inside the nanopipette to the outside, b)
shows a linear DNA carrier bound to a target and how by folding the linear DNA a defined
DNA origami structure that is capable of c) specific ion current signature is created, as
opposed to the subpeak ion current detection.
DNA origami as carriers:
Alternatively, to completely harness the potential of DNA as carriers, we turn our attention
to DNA nanotechnology, wherein the hybridisation properties of the nucleotides are
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used for programmed duplex connection to produce user defined patterns. The past few
decades have proved to us how DNA as functional nucleic acids and building blocks,
could greatly advance single molecule research in the field of nanomedicine as drug
delivery systems, probes for biosensing [31], and theranostics [32] to name a few.
Also, the possibilities of these nucleic acid nanostructures, particularly DNA origami has
been explored across disciplines with applications including in the field of nanopores
(chapter 3 and 4). While the structural perspective of DNA origami for constructing
hybrid nanopores has had an exciting and widespread attention, what has not been
looked at is its use as platforms for biosensing with nanopipettes as detectors. DNA
nanotechnology especially DNA origami offers means for site specific positioning of
functional materials like aptamers with nanometer scale precision, these advantages when
taken together with the high sensitivity of nanopipette detection provides us a novel
biosensing strategy at the single molecule level.
Thus, to truly exploit the potential of both these techniques, a multidisciplinary approach
towards biosensing, DNA nanotechnology in coorporation with nanopipettes is suggested
through this thesis.
1.1 Thesis Aim
With respect to the above introduction, the work put forward in this thesis aims to
develop a highly sensitive, quantitative detection system combining nanopipettes with
DNA origami, and attempts to improve the sensitivity and selectivity of nanopore sensing
system by answering the following questions,
1. Can nanopipettes detect and differentiate different DNA origami.
2. Can these nanostructures be adopted as carriers and unique identifiers.
3. Is quantitative detection possible with DNA origami as carriers.
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And by doing so demonstrate the potential of DNA nanostructures for individual protein
molecule sensing via voltage driven nanopipette translocation experiments.
1.2 Outline of Chapters
Chapter 2
As per the project outlined above nucleic acids form one of the core nanotechnological
procedure for this project. Thus chapter 2 provides an introduction to nucleic acids
with basic explanation of their chemical makeup and structure. Further sections will
introduce DNA nanotechnology and discusses the development of DNA as an engineering
material which takes us to the technique of DNA origami and its many advantages. The
later sections in this chapter gives a very brief overview of aptamers thus covering the
introduction on the two DNA technologies (DNA origami and aptamer) used in this thesis.
Chapter 3
Another nanoscale technique used in this project for single molecule detection is
nanopipettes - a class of nanopore. Intial sections in chapter 3 sets the stage with the
basics of nanopore technology including, brief discussion on the types of nanopores
(biological, solid state and hybrid nanopores) and their different fabrication procedure.
Then the main focus of the chapter is on nanopipettes examining their history, working
principle and unique nanoscale properties.
Chapter 4
Chapter 4 examines the literature available on single molecule detection using nanopores
and discusses the merits and setbacks. Both electrical and optical means of nanopore
detection is covered and the various solutions provided by the different groups for
the betterment of the technique are looked at. The chapter also provides examples
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of how DNA origami has ventured into the nanopore field and aims to highlight the
uniqueness of the work carried out in this thesis by comparing the existing literature and in
so provides the justification for the use of DNA origami in combination with nanopipettes.
Chapter 5
This chapter details the materials and various methods used in this thesis throughout
the various chapters. For ease, the techniques are grouped into those involving DNA
origami design and fabrication and those for actual nanopipette translocation experiments.
Chapter 6
The first experimental results chapter provides the detailed nanopipette characterisation
studies conducted with different pore sised glass nanopipettes, both quartz and
borosilicate, for establishing the indirect pore size calculation via pore resistance. This
is followed by results obtained from rudimentary translocation studies with linear and
plasmid DNA samples for testing the nanopipette experimental setup and for establishing
the optimal sample concentration and bias voltage.
Chapter 7
In this chapter, the characterised nanopipettes from the previous chapter are used to study
different DNA origami molecules via voltage driven translocation experiments. Four
DNA nanostructures, two frames and two tiles, are analysed to understand the ion current
characteristics in relation to the sample geometry.
Chapter 8
As continuation to the previous chapter novel DNA frame constructs of varying inner
dimensions and similar outer dimensions referred to as concentric squares were designed
and custom produced to better understand and prove the relation between nanostructure
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geometry and ion current signatures. The chapter covers the detailed methodology for
custom designing three nanostructures used in this study along with the subsequent
nanopipette translocation experiments.
Chapter 9
In the final experimental chapter DNA origami and quartz nanopipettes are combined
together as an effective carrier and detection system. Further, a method of quantitatively
sensing protein targets through this system is proposed and demonstrated.
Chapter 10
Lastly, this chapter captures all the results observed in this thesis and also discusses the
future directions and further possibilities of this work.
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Introduction to DNA and DNA Nanotechnology
The discovery of DNA and understanding of its structure and function has been the key
factor for the enormous progress in many areas of science and technology like gene
therapy, forensics, genomics etc. The simple chemistry and properties that makes DNA
a successful genetic tool also favours it as a building block at the nanoscale to create
artificial nanostructures, i.e., when taken out of their biological context the information
embedded in them can be used to form structural and functional motifs via bottom up
fabrication.
Though there are many biomolecules capable of forming synthetic structures, DNA has
the most foreseeable and programmable interactions with extraordinary specificity and
stability. And with development in automatic nucleic acid synthesis, any number of
sequences that binds with their complementary pairs reliably can be synthesised and
modified. The so designed synthetic nanostructures form an integral part of this thesis
as carriers or platforms onto which our target molecule binds. Now, to efficiently take
advantage of the unique properties of DNA, a sound understanding of the basic elements
is imperative.
And as such in this chapter, the structure and function of nucleic acids, specially DNA
from its fundamental units is discussed answering questions like what elements make up
DNA and how they are arranged to pack information necessary for life. This is followed
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by how the individual DNA strands can be used as engineering materials, thus outlining
the field of DNA nanotechnology in detail along with various developments including the
different motif designs and the DNA origami technique.
The same specificity and stability that makes DNA suitable as building blocks for
nanostructures also renders them excellent functional oligonucleotides–aptamers–short
strands of single stranded oligonucleotide sequences that can specifically bind various
targets. These aptamers make up the functional units on the carrier nanostructures used
in this thesis and hence are also discussed briefly.
2.1 Deoxyribonucleic acid
Figure 2.1: Central dogma of molecular
biology. DNA can be duplicated via
replication, and information in the
DNA is transferred by a process called
transcription that generates RNA
molecules which undergo translation
to transfer the information into
polypeptides.
Deoxyribonucleic acid (DNA) is the hereditary basis of most living entities [33, 34].
A long sequence of DNA, termed the genome, carries the complete set of hereditary
information required for the development of an organism and duplication of this
information through generations assures the continuity of that particular species. How
this “information” is stored, interpreted and transferred makes up the central dogma of
molecular biology [35], see figure 2.1.
Discovery of the double helical structure of DNA was paramount for comprehending the
paradigm, that genetic inheritance is conceivable because of replication, and transcription
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and translation is responsible for expressing genetic information. In this section we will
discuss the basic structural and chemical properties of DNA, which will be pertinent for
subsequent chapters of DNA nanostructure design.
2.1.1 Structure of nucleic acid
Nucleic acid was first isolated by Friedrich Miescher in 1869, the role of DNA as the
carrier of genetic information was identified by the classic experiments of Oswald Avery
and co–workers in 1944 and was confirmed via the Hershey–Chase experiment.
Figure 2.2: Nucleic acid chemistry, (a) Structure of the different nitrogenous bases with
the bond forming nitrogen highlighted in pink. (b) Chemical structure of Adenosine 5-
monophosphate (AMP), an example of a deoxyribonucleic acid structure with nitrogenous
base, sugar and phosphate group indicated in different colors. (c) Structure of pentose
sugar molecules with difference between ribose and 2–deoxyribose sugar highlighted.
Figure adapted from Alberts et al. [36].
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The chemical structure of DNA is very similar to Ribonucleic acid (RNA), they are both
polymers made from units or building blocks of monomers called the nucleotides, which
consists of a sugar (shown in black), a nitrogenous base (shown in blue), one or more
phosphates (shown in pink), figure 2.2b. The sugars named for their type is 2’deoxyribose
for DNA and ribose for RNA respectively, the difference being the sugar in RNA has a
hydroxyl (OH) group on the 2’carbon of the pentose ring, figure 2.2c [36].
Figure 2.3: A polynucleotide chain with
5 carbon of a pentose sugar linked to
the 3 carbon of the next pentose sugar
through a phosphate forming the 5’–3’
phosphodiester linkage. Figure adapted
from Alberts et al. [36].
Each nucleic acid has four nitrogenous bases, two purines, adenine and guanine and two
pyrimidines, cytosine and thymine and uracil instead of thymine in RNA. The difference
between thymine and uracil is the methyl group at position C5 in thymine [35]. The
bases are abbreviated A, G, C, T and U as shown in the figure 2.2a [36]. The nitrogenous
base is linked to the 1’ carbon on a pentose sugar by a glycosidic bond from the N1 of
pyrimidines or the N9 of the purines. The pentose sugar and the nitrogenous base linked
together is called a nucleoside. The sugar can be linked to a phosphate group by its 5’
or 3’ carbon [35]. A nucleoside with a phosphate group is called a nucleotide and a long
chain of nucleotide forms a polynucleotide, figure 2.3 [36].
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The nucleotide chain has a natural end to end chemical orientation or polarity, the 5’end
has a free phosphate group on the 5’carbon terminal sugar and the 3’end has a free
hydroxyl group on the 3’carbon terminal sugar. Due to this and because of the synthesis
directionality the DNA sequences are always written and read 5’to 3’direction.
2.1.2 Double helical structure–base pairing and stacking
Figure 2.4: Formation of double strand via hydrogen bond between the bases, the sugar
phosphate backbone with directionality of strands are indicated. Figure adapted from
Alberts et al. [36].
James D. Watson and Francis H. C. Crick with Rosalind Franklin and Wilkin’s X-ray fibre
diffraction data built the model for the DNA double helix in 1953. The Watson–Crick
structure consists of two polynucleotide chains bound together by hydrogen bonding
between the nitrogenous bases to form the double helix [34][37]. This hydrogen bonding
is termed as base pairing and the bases (A to T and G to C) are said to be complementary
to each other.
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The above said base pairing occurs between these specific bases running antiparallel (5’to
3’and 3’to 5’) as they have the right functional groups in just the right geometry for
the hydrogen bond to form (figure 2.4) and are thus the most energetically favourable
arrangement to be packed inside the Watson–Crick double helix.
In G to C base pair three hydrogen bonds are found between G–O6 and C–N4, G–N1 and
C–N3, and G–N2 and C–O2 positions, and in an A to T base pair two hydrogen bonds are
found between A–N6 and T–O4, and A–N1 and T–N3 positions [38]. The two C1 atoms
within a G–C base pair and an A–T base pair are equidistant (∼10.5 A˚).
Figure 2.5: Base pairing between nucleotides, two hydrogen bond formed between A-T
and three between G–C.
Thus the G–C and A–T base pairs in the Watson-Crick conformation are nearly iso-
structural, from the sugar–phosphate backbone point of view [39]. The phosphate groups
with the negatively charged oxygen atoms brings the DNA an overall negative charge,
whilst in biological condition is shielded by proteins or cations in–vitro thus neutralising
the DNA [36].
As stated above, the two polynucleotide chains run opposite to each other and thus are
antiparallel, with the sugar–phosphate backbones on the outside of the double helix and
base pairs on the inside [38]. Often analogised as steps to the double helical spiral
staircase, the nitrogenous bases lie on top of each other (stacked), each pair rotated ∼36◦
around the helical axes relative to the next base, so that ∼10 bases make a full 360◦
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turn. The bases are stacked due to hydrophobic interactions and the stacked bases offer a
stacking interaction by attracting each other via van der Waals forces [35].
Also as per the Watson and Crick base pair assembly the two deoxyribose sugars
connected to the individual base pair are on the same side of it, so the stacking
gives rise to continuous indentations in the surface that wind along, parallel to the
sugar–phosphodiester chains, which are called grooves [39]. And consequently the
asymmetry of base pairs gives rise to minor and major grooves as seen in figure 2.6.
Figure 2.6: B DNA Structure
indicating minor groove and major
groove with a helical pitch of 3.4 nm
and diametre of 2 nm. Helical pitch
is defined as the distance parallel to
the helical axis between successive
nucleotide units per complete turn
of the helix. Figure adapted from
Neidle, [39].
These base pair interactions and governing forces determine the stability of the Double
stranded Deoxyribonucleic acid (dsDNA) helix formed from the two single stranded (ss)
DNA. Salt conditions like concentration, charge and size also play important roles in DNA
stability and therefore its melting temperature (Tm) [40]. Tm is defined as the temperature
at which 50% of the DNA strands are at random coil or in single stranded state. This
dependency is also very important for folding of DNA into their native structure, because
as mentioned before cations like Na+ and Mg2+ are required to neutralise the negative
backbone to reduce repulsive coulombic interactions between the phosphates to fold DNA
[41].
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DNA exists predominantly as B form in its native environment, B DNA is a right–handed
helix that makes a complete turn every ∼34 A˚ (3.4 nm) and has a diametre of ∼20 A˚ (2
nm). Adjacent nucleotide distance in B DNA is 3.4 A˚ (0.34 nm), and in aqueous solutions
the structure averages 10.4 bases per turn [39]. Apart from B DNA, there is A and Z DNA
configurations which are found in cells under certain conditions and in vitro [42].
Furthermore, the complementarity of the base pairs means that if the sequence of bases
in one chain are known one could easily identify the exact sequence in the other chain,
i.e., one of the chains acts as a template or base sequence to produce its compliment.
Thus, the discovery of DNA structure along with the earlier observations of Erwin
Chargaff in 1950s, that the amount of DNA bases is different for different species,
provided fundamental insight into genetic coding, the relationship between carrying
genetic information in DNA and expressing it [36, 38].
Though DNA is modelled as a double helix with certain rigidity and with backbone
conformation that calls for discrete torsion angles, it is also a conformationally flexible
and dynamic polymer. It has been known to show specific bending directionality and
stiffness that directs its packaging and functionality. And even when “free” in solution
certain DNA can confer preferred axial configurations [43]. This crucial aspect of DNA
for adopting a range of conformations or structural transitions from its canonical double
helix along with its programmable nature as said above is what enables it as a very
efficient coding system, and a very suitable building material as described in the following
sections.
2.2 DNA as building blocks
The many features of DNA such as defined nanosize (2 nm diametre), structural repeat
(3.4 nm) with stiffness and persistence length of ∼50 nm combined with the predictable
and programable interface makes it extremely fit for small molecular manipulations. And
so, the fabrication of nanostructures through DNA bottom up technology provides a
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huge advantage as a parallel self–assembly technique to fashion many sophisticated and
application oriented patterns as discussed further.
An early start to DNA nanotechnology was with the in–vitro genetic manipulations [44,
45] with sticky ends, wherein a short single stranded overhang protruding from the end of
the double stranded DNA hybridises with the complementary protruding end of another
double stranded DNA. The protruding ends like flaps of velcro stick together due to their
complementarity to form a single molecular complex. In nature, sticky ends are products
of restriction enzyme cleaving a double helix (figure 2.7a). This can be used as an efficient
tool for control of intermolecular association and predictable geometry at the point of
cohesion.
Figure 2.7: Schematic representations of a) sticky end hybridisation of two DNA duplexes
to form one DNA complex. b) A four way holliday junction formed from four partially
hybridised asymmetric strands producing a immobile junction,.c) Sequential assembly of
asymmetric strand junctions via sticky ends to create 2D lattice structure. Figure 2.7b
and c adapted from Seeman [46].
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2.2.1 Branched structures and DNA motifs
The only limitation is that the axes of DNA are linear unbranched helices and joining
them via sticky ends will result in longer linear helixes in one dimension, to make
multiple dimensions branched DNA is a requirement. There are several examples of
branched DNA structures naturally found as intermediates during replication, genetic
recombination, strand displacement, and gene expression [46].
One such motif of branched DNA called the Holliday junction [47], first described by
Robin Holliday in 1964, is found in the biological system as intermediates of genetic
recombination [48]. The Holliday junction contains four strands of DNA bound together
to form four double helical arms abutting a branch, such that each strand is complementary
to the other partially (figure 2.7b). Biologically these junctions migrate the length of the
DNA due to homologous sequences and resolve into two double helices, a process called
branch migration.
Figure 2.8: Polyhedral structures. a) A stick–cube formed from six different cyclic strands
each represented by a colour ,the strands are linked to each other twice on every edge
making the structure a hexacatenane. b) A top down view of the fourfold axis of a
truncated octahedron with six squares and eight hexagons, the molecule is made of 14
cyclic strands. c) Tetrahedron formed by annealing 4 DNA sequences. Figures adapted
from Seeman [49], Zhang and Seeman [50] and Goodman et al. [51] respectively.
Nadrian C. Seeman in 1982 [46] proposed omitting the sequence symmetry by making
use of artificial DNA sequences designed to be asymmetrical thus forming immobile
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junctions or fixed branch points. The artificial oligonucleotide sequences also allowed for
the construction of branched junctions with multiple arms [52]. Thus, via self–assembly
using branched DNA molecules with programmed sticky ends 2 dimensional arrays
[46] (figure 2.7c) and 3D structures including a stick–cube [53], multiple polyhedral
constructions [51, 54, 55, 56, 57, 50] and borromean rings [58] were achieved, figure
2.8.
Figure 2.9: Schematic of different crossover structures for Double crossover (DX),
Double crossover with junction (DX+J), Triple crossover (TX) and Paranemic crossover
(PX). Figure adapted from Fu and Seeman [59].
This development to form higher order structures as shown in figure 2.8 was possible
due to DX molecules [59] that consisted of two DNA double strands linked together by
two strand exchange or crossover (see figure 2.9) rather than the single exchange seen in
holliday junction [60]. The double cross over offered the rigidity and stability needed to
construct extensive DNA structures with precise topology and geometry.
Subsequently DX junctions with sticky ends were used to achieve many 2D arrays and
3D DNA structures [56, 61, 62, 63, 64, 65, 66]. Progress in the structural motifs based on
DX motifs were also crucial for expanding DNA nanotechnology, for example, to create
highly ordered geometries different types of crossovers like TX [67], PX [68] and multiple
cross motifs [49], three–point and six point star motifs [69, 62], tensegrity triangles [55]
and T–junctions [70] were used to deliver the much needed core integrity and individual
component rigidity by weaving multiple strands together.
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Figure 2.10: Different DNA nanostructure crossover motifs and AFM image of the
resulting 2D arrays formed via the respective motifs. a) Four–way double crossover
junction, b) combination of DX crossovers and DX with 2 junctions, c) six point start
motif structure. Figures adapted from Zhang et al. [71].
2.3 DNA origami technique
In contrast to Seeman’s motif junction construction, Paul Rothemund in 2006
[72] proposed a method for DNA nanostructure assembly that transformed DNA
nanotechnology. In his article he described a self–assembly technique that made use
of long single stranded viral DNA, called the scaffold DNA, that folded onto itself into a
desired pattern with the addition of complementary short strands called staple or helper
strands that bring together the specific parts of the Single stranded Deoxyribonucleic acid
(ssDNA) (figure 2.11a and b).
The technique similar to Seeman’s is based on the interconnection of several DNA strands
via cross over branches. But in the origami technique the strength and rigidity of the
DNA nanostructures is from DX contributed by both the scaffold and staple strands all
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Figure 2.11: The DNA origami technique. a) Large ssDNA scaffold mixed with an excess
of short strands of staple DNA, b) staple strands complementary to particular regions
of the scaffold help pinch the scaffold together through complementary hybridisation, c)
scaffold strand routed in a raster pattern for two arbitrary structures and AFM images of
the formed star and smiley design upon addition of staple strand, d) schematic example
of patterned triangle DNA structure with protruding hairpin DNA sequences (white
swatches) that show up as bright pixels under the AFM, triangles combined to form
lattices via the extended staples (shown as protruding dots in the schematic) that are
complementary to the scaffold. Adapted from Rothemund, [72].
throughout the structure (see chapter 6). Use of scaffolds in DNA nanotechnology was
already reported by Yan et al. [73] to build one dimentional barcode array and by Shih
et al. [54] for constructing an octahedron structure from a 1.7 kb scaffold folded with
DX and PX motifs. But neither of these studies could show the comprehensive impact of
Rothemund’s DNA origami structures.
Rothemund through his paper showed the generality of his method to form different
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arbitrary shapes including stars and smiley faces as shown in figure 2.11c. The method
provided an easily addressable surface area of around 100 nm and enabled creation of
well–defined structures. Also, the use of a single scaffold overcame the problem of
stoichiometry and purification thus simplifying the assembly process and increasing yield
even for complex structures.
He also demonstrated patterned DNA origami with protruding dumbbell hairpin structures
thus labelling them to be visualised via AFM as bright pixels due to their height difference
(figure 2.11d). Thus, the versatility of DNA origami scaffold technique was demonstrated,
ranging from well–formed structures to patterned pixels onto which molecules could be
added transforming them into platforms or ‘nano–breadboards’ for carrying out various
diverse experiments.
Subsequently in 2009, Douglas and group [74, 75] extended the DNA origami technique
to build three dimensional structures by stacking multiple layers of DNA helices in
parallel which held to the porous honeycomb lattice assembly. The honeycomb lattice
connects each DNA helix to three neighboring strands placing crossovers every 7 bp thus
providing 0◦, 120◦ and 240◦ between the crossovers which corresponds well with the B
form DNA with 10.5 bp per helical turn of 360◦. This way every two DNA duplex will
contain a double crossover every 21 bp.
Alternatively square lattice assembly [76] connects one DNA helix with four neighbors,
here the crossovers are separated every 8 bases causing a fourfold symmetry with a 270◦
backbone angle. This is achieved by extending the helical pitch to 10.67 bp per turn
which causes a global twist in the structure but results in a tighter packing of duplexes.
The global twist can be rectified manually via deletion or slightly varying the position of
crossovers by deviating from the 8 bp count at certain points.
Similarly, deliberate strains and twists can be applied to the DNA structure via targeted
insertions and deletions of basepairs [77], this enabled the development of 3D structures
[78] with high curvatures. The open source software caDNAno released by Douglas and
colleagues [74] has become the go to tool for designing DNA origami scaffold–staple
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layouts using honeycomb or square lattice packaging.
Figure 2.12: a) Honeycomb lattice assembly b) Square lattice assembly c) Hexagonal
assembly and d) Hybrid assembly. Adapted from Castro et al. [79] and Ke et al. [80].
Apart from square lattice, hexagonal lattice assembly [80] for close packing of DNA
helices were also introduced wherein a DNA helix connect 6 surrounding strands. If
one desires and the construct warrants hybrid designs consisting of multiple assemblies in
combinations of square, honeycomb and hexagonal lattices are also possible (figure 2.12).
2.4 Overview of aptamers
From the above discussions, it is clear that nucleic acids are multifunctional, in
that oligonucleotides that can specifically bind various targets is yet another valuable
contribution. These short single stranded nucleotides (DNA or RNA) that can
bind target molecules with high specificity and affinity are called aptamers. The
interactions that drive the formation of specific aptamer–target complex could be
hydrophobic and electrostatic interactions, hydrogen bonding, van der Waals forces, shape
complementarity and base stacking [81].
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The aptamers selected through different approaches including Systemic evolution of
ligands by exponential enrichment (SELEX) and computational methods like molecular
dynamics and in silico identification [82] can discriminate between closely related
conformational isomers, molecules with different functional groups and amino acid
mutations. Compared to very huge antibodies aptamers are small and flexible which
permits binding of small molecule targets that are inaccessible to antibodies. They
are also cheaper to produce compared to the laborious in–vivo screening involved for
antibody generation. Moreover, aptamers can be chosen against a large spectrum of
targets including toxic and non-–immunogenic molecules that cannot be recognised by
antibodies [83].
In this thesis, aptamers specific for CRP protein adapted from Jarczewska et al. [84], Lee
et al. [85], Huang et al. [86], and Piccoli et al. [87] were utilised as functional groups
attached to DNA origami for successful quantitative detection.
2.5 Conclusion
In this chapter, the chemical structure and function of DNA was discussed. Detailed
chemical structure of DNA showed that genetic information is stored and carried within
the DNA in a linear sequence, and the complementary nature of the four nucleotide bases
(A to T and G to C) forms the base for its hierarchy, to form duplex structures. This
programmable molecular recognition of DNA brings about its versatility other than as
carriers of genetic information.
Accordingly, the chapter provided a detailed observation of the potential of nucleic acids
in the field of DNA nanotechnology including its progress starting from the development
of different types of motifs and crossover structures to the introduction of DNA origami
and subsequent evolution to design 3D structures and arrays.
While one technique followed multiple strand hybridisation via motifs the other utilised
a long ssDNA scaffold and hundreds of short nucleotide strands to form a desired shape.
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Despite their technical differences both Seeman and Rothemund’s approach successfully
exploited the basic complementary nature of DNA for creation of nanostructures. These
nanostructures have been developed into and incorporated in a variety of applications
as breadboards for biomolecular interaction studies, molecular tweezers, nano robots,
carriers in targeted therapy, etc [88, 31, 89].
Apart from nanostructures, short oligonucleotides few tens to few hundreds of base
pairs in length that function as aptamers thus capable of specifically recognising target
molecules were discussed. The experimental results chapters in this thesis will further
explain how we made use of DNA origami and aptamers for designing a single molecule
sensing system.
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Chapter 3
Introduction to Nanopores and Nanopipettes
Another important element in this thesis is the use of nanopipettes, a class of nanopore,
for the detection of target molecules via translocation. Translocation of molecules
(salts, nucleotides, peptides, etc) through the membrane of cells is a fundamental and
universal process in the biological system. This basic yet sophisticated transport system
functions through passive pores, active ion channels, and viral motors with elegant and
highly–ordered structures [90]. These functional biological arrangement motivated the
development of different nanopores for single molecule detection.
Before diving into the wealth of knowledge on the different types of nanopores, it is
important to note the history that led to the birth of this technique. In 1940s, Wallace
H Coulter invented a resistive cell counting tool for blood cells in haematology [91]
which was later patented as ‘Means for counting particles suspended in fluid” in 1953
[15]. The technique consisted of two electrodes placed across a pore filled with an
electrolyte solution and measured the electrolyte conductivity as a function of time using
an electrometre connected to the electrodes and a chart plotter.
Suspension of cells being pushed through the pore produced discrete resistive spikes
or pulses in the otherwise unvarying electrolyte conductivity due to the temporary
obstruction of the pore. The frequency of these pulses with time is associated to the
total amount of cells present in the sample and the distribution of the electrical pulse
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amplitude is related to the cell size distribution. Though the simplicity of the Coulter
counter was met with reluctance at first, it became clear that the speed and accuracy of
the technique cannot be matched with the traditional manual process of cell counting and
it has revolutionized clinical practice since then.
Coulter’s resistive pulse technique was later refined in 1970s by DeBlois and Bean [92]
for detection of viruses and nanoscale particles by translocating them through submicron
pores. Later in 1990s the much exciting jump to nanoscale happened with ion channel
studies in lipid bilayers playing a crucial role [93]. This time period saw two major
advancements, development of pore size from milimetre to nanometre dimensions and the
target analytes were no longer whole cells but individual ions, biomolecules and single
particles [16].
This chapter will briefly discuss the different types of biological and solid state nanopores,
along with their fabrication techniques used for various single entity analysis. Later
sections will discuss how development in microelectrodes and patch clamp techniques
lead to tip based nanopipettes. Since glass nanopipettes will be the technique of choice
for the entirety of this project, the last section of this chapter will focus on its history,
fabrication technique, working principle and properties.
3.1 Types of nanopores
There are different types of nanopores, distinctly they can be divided into naturally
occurring biological pores and artificially made nanopores. The artificially made
nanopores can further be divided into solid state nanopores, glass nanopipettes, and
hybrid nanopores. Though in this thesis we only use glass nanopipettes for all of our
experimentation, we will very briefly discuss about the different types of nanopores and
then in detail about the nanopipettes.
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3.1.1 Biological nanopores
Naturally occurring biological pores have been explored over the years as nanopore
detection systems with the early study involving biological nanopore Alpha hemolysin
pore (α-HL) for ss DNA and ssRNA detection demonstrated in 1996 [94] . These pore
forming proteins embedded in lipid membranes, liposomes or polymer membranes and
immersed in an electro–chemical chamber (figure 3.1) offer distinct advantages as a
nanosensor for single molecule detection and have been largely exploited especially for
nucleotide sequencing.
Figure 3.1: A representation of a protein pore embedded in a lipid bilayer immersed in a
buffer system.
Traditionally and most widely used biological pores include the Staphylococcal α–HL,
Aerolysin (AeL) a β pore forming toxin, Outer membrane protein G (OmpG) pore a
monomeric protein from E.Coli, Cytolysin A (ClyA) pores and the phi29 connector
protein. Each of these pore forming proteins have their advantages and relevance.
For example, α–HL, a heptameric transmembrane pore forms a 5 nm length barrel when it
self–inserts into the lipid bilayer. The formed nanopore has a very small dimension of 1.4
nm diametre which limits translocation to ssDNA structures alone [95]. Thus for dsDNA,
Phi29 Motor and ClyA pores are preferred as they are large enough to allow dsDNA and
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protein translocations. But the protein pore α–HL is utilised extensively because of its
ability to stay open for a long time interval, a specific function that results in a stable
baseline signal which is important for single molecule detection. Several studies have
also demonstrated easy modifications within α–HL pores that makes translocation and
detection events specific and highly sensitive [96].
Figure 3.2: Biological nanopores. Structure of different biological pore forming proteins
discussed in this section represented with pore diametre and channel length. Figures
adapted from Shi et al.[97].
Likewise, the spontaneous assembling nature of AeL into 1.0 –1.7 nm pores make them
suitable for single molecule analysis. Utilised first in 2006 as a nanopore sensor for
α–helix collagens, both wild–type and modified AeL pores have been studied through
the years for various applications like DNA and protein detection [98, 99], analysis of
various oligosaccharides, peptides and chimera molecules.[100, 101, 102]. Furthermore,
AeL pores are used for their ability to enhance negatively charged target interaction, due
to their positively charged residues.
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On the other hand, OmpG pores are exploited for their simple modification procedures.
The analyte-target molecule interaction with the pore loop results in a characteristics
signal for different proteins which also varies in frequency, duration and open pore current
respective to the analytes. Thus the bound targets can be identified by studying the current
signal. Furthermore, modified OmpG pores have also been found useful for protein
analyses like strepdavidin analysis by trapping them through specific ligand attachments
to the pore loop [103, 104].
Yet another biological pore used widely for DNA translocation is ClyA nanopores. The
pores with a 13 nm long central channel is narrow (∼3.3 nm) in one end and wider at the
other (∼6.4 nm). As opposed to AeL pores the ClyA nanopores have negatively charged
residues within the pore constriction. Though the narrow opening of the ClyA pores are
large enough for double stranded DNA transport, the negatively charged residues prevent
entry of dsDNA due to electrostatic repulsion. Thus high ionic conditions (2.5 M) are
required to screen the pore charge to allow successful transport of dsDNA [105]. Modified
ClyA pores by addition of positive charged residues or removal of the negative residues
were also found useful [106, 107, 108].
Alternatively a nanochannel made from a viral nanomotor inserted into a lipid bilayer
is the Phi29 connecter protein. The bacterial virus Phi29 DNA packaging nanomotor
consists of a channel made of 12 copies of gp10 protein that encircle to form a channel
of ∼7 nm in length and 3.6 nm diametre at the narrow and 6 nm at wider end [109]. The
connector inserted into a lipid bilayer has been shown to be robust and generate extremely
reliable, precise and sensitive conductance signatures which have been used for real
time chemical sensing, gating studies and fingerprinting DNA translocations including
controlled ratcheting of DNA [90, 110, 111].
Even though biological nanopores have been used widely for their remarkable ability
to be precisely engineered and altered they do have certain disadvantages because of
their fixed small size and limited stability, thus rendering them unable to be used for
various analytes or under different parameters (pH, salt concentration, temperature, etc).
It should be noted that due to the limits of this thesis, the review has not touched upon
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the huge field of ‘biological nanopore sequencing’ which has an overwhelming academic
and technological interest.
3.1.2 Solid state nanopores
It is for the above said reasons that solid state nanopores are considered more
advantageous, and though earlier nanopore based applications mostly adopted biological
nanopores, solid state nanopores have slowly gained popularity. Fabricating a solid state
nanopore with control over pore size and channel length is an obvious advantage it offers
over the biological counterpart. In addition, high stability, adjustable modifiable surfaces
and choice of integration into devices or expansion into arrays makes them all the more
favourable.
Fabrication of solid state nanopores
There are many ways to fabricate solid state nanopores, a few techniques including
chemical etching, focussed beam sculpting and Atomic layer deposition (ALD) are briefly
discussed in this subsection. The many other different types of fabrication procedures and
the various substrates for nanopore along with their advantages are explained elsewhere
[112, 113, 114, 115].
Chemical etching
Etching holes into insulating layers has always been one way to create pores both micro
and nano. Though it has a major advantage of low cost massive parallel production of
nanopore arrays, it does suffer from low efficiency [113]. One of the more delicate etching
technique is guided etching or ion track etching where ‘tracks’ are formed using high
energy heavy metal ions (figure 3.3a) in a thin polymeric membrane (like polyimide,
polycarbonate, polyethylene terephthalate) followed by chemical wet etching [116, 117,
112]. Nanopores as small as ∼1–2 nm have been created via this technique but one
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detriment is the very narrow pore angle of the pores formed through this technique that
precludes translocation of polynucleotides [114].
Figure 3.3: Chemical etching. The top panel explains the different etching processes
in a schematic and the bottom panel contains Scanning electron microscope (SEM)
images of example nanopores fabricated through the different techniques. a) Ion track
etching mechanism depicting the path of heavy ions and resulting pore channels after
chemical etching, the SEM image below shows the geometry of one such nanopore, b)
anisotropic wet etching procedure wherein a standard micrometre pattern is created by
a typical lithography process and then a inverted pyramid like structure is formed, then
nanopores are created by etching the other side of the substrate using alkaline solution
to produce pyramidal nanopores as seen in the SEM image underneath (15×38 nm pore
size). c) Electron beam lithography (EBL) assisted reactive ion etching, first the pores are
defined using electron beam etching and transferred onto the target layer with reactive
ion etching, then the underside is etched away to create free standing pores, SEM image
show a representative array of sub 20 nm pore size. Figures adapted from Storm et al.
[118].
On the other hand, anisotropic wet etching of semiconducting substrates like silicon (Si)
offer robust, biocompatible integrated nanopore system. Figure 3.3b, shows the etching
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process through which pyramidal nanopores are formed in Si membranes. Large arrays
of pyramidal Si nanopores down to ∼30 nm can be produced through this method and
can also be easily tuned by changing the wet etch mask length–width ratios [113, 115].
Etching processes to produce even smaller nanopores (∼13 nm) with feedback control
mechanisms are also available [112].
In addition to the above, metal assisted chemical etching and metal assisted plasma
etching are other ways of nanopore fabrication through etching. These methods can be
used to form conical, cylindrical and even helical nanopores. More recently EBL assisted
reactive ion etching [119] and improved techniques to fabricate nanopores of sub 20 nm
sizes with embedded metal electrodes have also been proposed (figure 3.3c) [120].
Focused ion and electron beam sculpting
To overcome the challenges in chemical etching and realising controlled nanometre scaled
nanopore fabrication became possible with direct nanodrilling of membranes with ion
beam. Focussed ion beam was reported as a technique for fabricating solid nanopores
first by Li et al. [121]. An Ar+ ion beam was used to drill a nanometre size hole in
a silicon nitride Si3N4 membrane, the size of the pore was determined by the strength
and heat of the ion beam and fine tuning of the pores were achieved through feedback
mechanism of the detectors [121].
This gave rise to the ion beam sculpting technique that paved way for single
molecule translocations through solid state nanopores that were of controlled nanometre
dimensions. Further research on pore shrinking rates and different ions allowed
fabrication of pores as small as 1.8 nm and nanopores have progressively been sculpted in
various membranes including SiO2, SiN, SiC, Al, Cr, Poly methyl methacrylate (PMMA)
and polyimide [112].
Different sculpting techniques were then studied, including EBL of Si, SiO2 and SiN
[122, 123, 124]. Storm et al. in 2003 put forth the technique of using electron beams
for nanopore sculpting [118]. Si, SiO2 and SiN membranes produced via standard
microfabrication technique and drilled into nanopores of about 20–200 nm by electron
Chapter 3. Introduction to Nanopores and Nanopipettes 35
Figure 3.4: Schematic depicting nanopore sculpting techniques, a) the Ion beam
technique that uses a focused ion beam to drill nanopores and b) A series of images
explaining the electron beam sculpting process by Storm et al. [118] an array of
pyramidal nanopores prefabricated by combined electron beam lithography and etching
is then sculpted using TEM electron beam. Adapted from Li et al. [121].
beam lithography and etching were successively tuned down to ∼2 nm with electron
beam (figure 3.4). With wide field high intensity illumination using Transmission
electron microscope (TEM), holes with pore size larger than the membrane thickness
were enlarged whereas small holes shrunk, due to carbon deposition [118, 114].
Alternatively it was also observed that lower electron beam intensity will cause nanopore
shrinkage as well [124]. Based on this technique and with further improvement boron
doped silica nanopores and magnesium nanopores with sub 10 nm pores have also been
rendered possible [125, 126]. Thus electron beam sculpting offers a nanometre scale
modification technique with high precision and direct visual feedback at sub– nanometre
resolution.
Direct milling of nanopores entirely by focusing the electron beam through TEM and
SEM has also been studied extensively, nanopores produced through this method can
be further modified with wide field electrons or ions as described above or any other
shrinking techniques if required. SiN film modification in stable nanopores using
Scanning transmission electron microscope (STEM) is yet another option, advantage of
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STEM being the ability for lateral movement and pore size control essential for high
nanometre level precision resulting in fine tuned pores of about 1.3–2.4 nm diametre
[127].
Atomic layer deposition
ALD is another method of fabricating and shrinking nanopores with controlled nanopore
size. ALD can deposit layers as thin as 0.1 nm, and its homogenous surfaces (conformed
coating) also helps prevent any defects from prior fabrication processes. ALD has been
used to deposit high dielectric constant materials like Al2O3 and TiO2 to shrink nanopores.
Alternative to silica counterparts Al2O3 surface possesses a positive charge and also score
high on stability and signal to noise performance. In addition, the tuneable thickness of
the Al2O3 membranes and diametre of the nanopore makes it a competitive candidate for
nanopore sensing [112, 115].
Figure 3.5: TEM images of nanopores
before and after ALD. a) A square shaped
nanopore fabricated via focused ion beam
is shown retaining its shape after 500
layers of Al2O3 deposition to produce sub
10 nm pore diametre. b) A ion beam
sculpted ∼7 nm nanopore surface was
deposited with 24 layers of Al2O3 using
ALD to arrive at a 2 nm pore. Figure
adapted from Chen et al. [128].
3.1.3 Hybrid nanopores
Integrating biological nanopores with their solid state counterpart gives rise to a new
field of nanopores called the hybrid nanopores, thus the major limitations of the
individual nanopores as discussed earlier could be overcome by combining them. The
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idea of combining components of various nanopore systems include earlier reports of
ion channels formed via lipid bilayers supported on teflon membranes (with 2 micron
diametre pores) [129] and tens of µm glass pores [130].
Further improvement by White et al. saw generation of long–lived lipid bilayer suspended
on 100 nm glass nanopores [131]. These glass pores were fabricated by first sealing
a platinum wire inside a glass capillary and subsequent polishing and electrochemical
etching to expose the platinum and produce a truncated cone shaped glass nanopore.
Lipid monolayer deposition was achieved through modification of the glass nanopore
with 3–cyanopropyldimethylchlorosilane producing a hydrophobic surface. The lipid
monolayers deposited on the inner and outer glass nanopore surfaces merge to form a
stable bilayer (figure 3.6), that was found to be persistent for at least 2 weeks at room
temperature and successful stochastic detection of heptakis–(6–O–sulfo) β cyclodextrin
was demonstrated via the inserted α–HL.
Figure 3.6: Ion channel lipid bilayer on glass, α–HL inserted in the lipid bilayer which
was suspended on a glass nanopore, thus forming a hybrid capable of successful single
molecule detection. Adapted from White et al. [131].
Moving forward, with the advent of solid state nanopores Hall et al. proposed α–HL
insertion into SiN membrane nanopore [132]. For α hemolysin–SiN membrane hybrids,
electrophoretic insertion was achieved by modifying the protein pore with a 3 kbp dsDNA
at the end of the channel and the long overhang was used to pull the channel end into the
SiN pore. Every stage of the protein pore entry into SiN could be monitored via the
ion current traces such as, initial dsDNA translocation, pre–insertion of protein pore and
finally hybrid formation. The stability of the hybrid nanopore was then tested via ssDNA
translocation experiments.
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Lately, an entire class of hybrid nanopores formed from DNA origami that allows for
fabricating nanopores with desired structure and dimension have opened up various new
possibilities in the field of nanosensing. Hybrid nanopores designed till now use two types
of DNA origami structures, funnel and plate shaped (figure 3.7) and are incorporated with
solid nanopores and glass nanopipettes (section 3.2) via different means. For example,
Hernandez-Ainsa et al. [133] combined glass nanopipettes and DNA origami (figure
3.8a), this was achieved by simple trapping of the DNA origami onto the nanopipettes by
applying a positive bias.
Figure 3.7: Two types of DNA origami structures used in hybrid nanopore formation. a)
A funnel shaped DNA origami with a wider 27.5 nm opening with a pore size of ∼7 nm
and a vertical view of the same. b) Nanoplate DNA origami and the vertical view of the
same. Adapted from Hernandez-Ainsa et al. [133] and Bell et al. [134].
Successful trapping was evident via the drop in ion current and increase in baseline
noise and since the DNA origami cannot translocate through, as they are designed to
be slightly larger than the pore of the nanopipettes, ejection of the trapped origami
was also possible with reversal of voltage. Also by incorporating flurophores onto the
DNA origami, they were able to perform single molecule fluorescence detection of the
hybrid nanopore formation in addition to ionic current detection. This setup was used for
detection and controlled translocation of lambda DNA, moreover, the hybrid structures
were further extended for specific ssDNA detection via modification of the DNA origami
with complementary single stranded overhangs. A very similar integration system of
trapping DNA origami nanoplates onto nanopores was also put forth by Wei et al. [135]
for specific protein and ssDNA capture.
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Figure 3.8: a) DNA nanoplate–glass hybrid construction via application of voltage and
ejection of the same with a opposite voltage. b) Hybrid nanopore formed by inserting DNA
origami into silica nanopore via voltage application, the long strand of overhang DNA
or leash helps the DNA origami to self–orient and insert into the nanopore. c) The first
hybrid nanopore fashioned by inserting DNA origami in a lipid membrane. This artificial
porin exhibited a pore size of 6 nm, large when compared to the naturally occurring pore
forming proteins and such are also ideal to study and mimic large toxins and nuclear
pore complex apart from molecular sensing. Figures adapted from Hernandez-Ainsa et
al., Bell et al. and Gopfrich et al. [133, 134, 136].
On the other hand DNA origami can also be incorporated within nanopores via insertion
(figure 3.8b), i.e., using solid state nanopore as a frame conical DNA origami can be
inserted into the solid nanopore as a top piece via voltage application, through this
approach hybrid nanopores have been successfully formed in solid state silica [134], these
hybrid nanopores can also be dismantled and reformed in a controlled manner via voltage.
Using this system the authors successfully detected translocation of dsDNA. This system
was later developed into a multiplexing setup by replacing silica nanopores with glass
nanopipettes. The glass nanopipettes with their own set of advantages as explained in
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the following chapter allow simple integration to a common reservoir with multichannel
analyte detection system [137].
This fashion of DNA origami insertion is also used to produce hybrid nanopores in lipid
membranes, a representative example being formation of the largest synthetic pore in
lipid membrane as shown in figure 3.8c [136]. These DNA origami hybrids constructed
via insertion into lipid membranes are termed protein like DNA pores, and large amount
of research has been conducted using them in the span of few years for various single
molecule detection applications [138, 139, 140, 141].
Apart from DNA origami incorporation nanopores have also been modified biologically
and chemically to impart specificity and sensitivity, for example, Iqbal et al. reported
a hybrid nanopore design by functionalising biological probes on silicon solid state
nanopore channels. These specifically modified nanochannels, which were used to detect
short ssDNA, are very sensitive towards the particular target of interest, and can detect
single bp mismatch [142] (figure 3.9).
Figure 3.9: Hybrid nanopore
formed through amine modified
hairpin loop functionalisation on
nanopore channel, shown with
nanopore size before and after
the modification. Schematic
adapted from Iqbal et al. [142].
These selective solid state nanopores functionalised with amine modified DNA probes
(hair-pin loop) were successfully used for ssDNA detection with high selectivity, thus by
reducing the size of the nanopore effective selective translocation and detection of ssDNA
targets were made possible.
Selectivity towards a specific target for high sensitivity detection through nanopores have
Chapter 3. Introduction to Nanopores and Nanopipettes 41
been a constant target in both biological and solid state nanopore design and development.
Hybrid nanopores formed by combining biological and solid state nanopores discussed
above show clear ways to overcome that challenge by imparting improved specificity,
sensitivity and the much needed adaptability for molecular sensing and DNA sequencing
experiments. Hybrid nanopores formed via DNA origami also overcame the issue of fixed
pore size thus expanding the range of analytes that could be detected through the system.
Hybrid nanopores also widen the options of nanopore functionalisation for selective target
capture and also extend the possibilities of integration with other systems.
3.2 Nanopipettes
3.2.1 Introduction
Figure 3.10: Nanopipettes fabricated from glass capillaries.
Alternative to all these nanopores are the glass nanopipettes, nanopipettes are a type of
solid state nanopores fabricated from glass capillaries with highly tuneable pore sizes
with nanometre resolution. As their name suggests they are shaped like the macro
glass pipettes with a long base of a few millimetre diametre that forms a conical shank
and terminates with a nanometre scaled opening. Figure 3.10 shows images of glass
capillaries and how the resulting nanopipettes look to the naked eye.
Nanopipettes in this work strictly refer to glass pipettes upto few hundreds of nanometre
in pore size, although the definition could also be extended to nanoelectrodes made from
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these pipettes and ultra–microelectrodes primarily used for electron transfer studies as
explained elsewhere [143]. There are also carbon nanopipettes which are produced by
depositing the carbon tube inside glass substrate and then exposing the carbon tip via
etching [144, 145]. But to stay within the scope and relevance of this PhD thesis we will
discuss in detail only about glass nanopipettes.
The quickest and easiest method of glass nanopipettes fabrication is through laser pulling.
With a high reproducibility rate and controlled size, shape and geometry the process
can be carried out on the bench and do not need clean lab facilities like other solid
state nanopores. Also, unlike their biological counterparts, glass nanopipettes are robust
and stable chemically and could be operated under a variety of pH buffer conditions
[143, 146, 147]. Quartz and borosilicate (figure 3.11) are the most used substrate of choice
today for nanopipette fabrication via laser pulling. With a higher melting temperature
than borosilicate, quartz or fused silica is preferred due to their low electrical noise
[148, 149] superior quality and mechanical strength (to penetrate tissues and cells without
impairment) [150].
(a) Quartz (b) Borosilicate
Figure 3.11: Representative Scanning electron microscope (SEM) image of (a) quartz
and (b) borosilicate nanopipettes. Figures adapted from Sa and Baker [151] and Bafna
et al. [152].
History of nanopipettes
Glass capillary micropipettes with very fine tips were first fabricated via hand by Barber
in the early 20th century [153]. The methodology involved the exact procedure of the
modern laser pullers but made use of a burner to heat and soften the glass capillary which
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was then manually pulled at both ends with tweezers (figure 3.12). These micrometre
sized pipettes were successfully used for delivery of single cells (bacteria) and extraction
of fluids from cells [154, 155]. Barber’s method of micropipette fabrication was then
sophisticated and improved to pull needles less than one half micron in size from jena
glass tubing about 5 mm diametre, as mentioned by Kite et al. for studying marine ova
[156, 157, 158]. The following years saw Barber’s micropipettes adapted, modified and
improved for many applications [159, 160, 161] including electrical stimulation of living
cells [162] and for use in electrophysiology as intracellular electrodes [163, 164, 165,
166, 167, 168, 169].
Figure 3.12: Barber method of pulling glass micropipettes, adapted from Barber [155].
This time period also saw advancement of plant cell microelectrodes to be used
successfully in single animal cells [170, 171, 172, 173]. Hand pulled pipettes that
were consistently sharp and fine, and could pierce animal cells without damage were
successfully used to measure potentials in frog muscle cells with minimal pipette
resistance with hardly any junction potential [174, 175]. From 1950s glass micropipettes
were no longer hand pulled, but via mechanical and electrical means [176] and later glass
pipette fabrication reached even more sophisticated mechanisms [177].
Apart from their use as electrophysiological tools another famous application is detecting
voltages and currents from ion channels. The famous patch clamp technique using the
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micropipettes for current and voltage detection in microchannels was developed in the
1970s, and nanopipettes with diametres as small as 45 nm to be used as reference electrode
was produced by Brown and Flaming for intercellular measurements in 1977 [178]. The
Nobel prize in 1991 for medicine was awarded for the patch clamp technique. From there
on several single ion channel studies involving micro and nanopipettes were conducted
[179] and thus began the use of nanopipettes in analytical chemistry.
Slowly the use of micropipettes spread to various fields, micropipettes as probes for
Scanning electrochemical microscope (SECM) was investigated by Solomon and Bard
in 1995 [180] and the first ever ionic current rectification behaviour by nanopipettes
[181] was reported in 1997. Also, the unique geometry and tip size made nanopipettes
widely adaptable for use in analytical measurements and as probes for Scanning probe
microscope (SPM), and subsequent years witnessed nanopipettes widely employed in
various techniques like SECM [182, 183], Scanning ion conductance microscopy (SICM)
[184, 185, 186], Hopping probe ion conductance microscopy (HPICM) [187, 188], Near
field scanning optical microscopy (NSOM) [189] and AFM [190, 191, 192].
Recent years have seen nanopipettes, with their nanoscale characteristics along with the
wide choice of modification, and ease of integration, capable of many applications in
various fields including nanofluidics, sensitive analytics and diagnostics, electrochemical
and optical biosensing, nanobiopsy, and nano deposition and writing [2, 147, 146, 193,
194].
3.2.2 Fabrication of nanopipettes
While past decades have seen Flaming/Brown type pullers for micro and nanopipettes
production from borosilicate and quartz capillaries, laser pipette puller P2000 (Sutter
instruments) are more commonly in use nowadays. The laser pipette puller makes use
of a CO2 laser heat source to melt the glass capillaries instead of a heating filament
(Platinum : Iridium 90 : 10) as used by the Flaming/Brown models. The laser heat source
provides a huge advantage to work with quartz (fused silica) capillaries as a pure and
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strong form than other standard glass capillary. Also, the high precision to apply user
defined heat (amount and distribution of laser) onto the glass makes it possible to obtain
variety of nanopipette pore dimensions and taper length.
Figure 3.13: Schematic of nanopipette fabrication from glass capillary.
The mode of operation comprises a beam of laser of specified power and spread
(distribution) focused on the glass capillary for a specific time thus melting the glass
producing a taper, then the taper is further heated and pulled by the ends by specified
force producing two symmetric conical nanopipettes. The nanopipette pore size and pore
geometry can be tailored via the pulling parameters namely HEAT –specifies the output
power of the laser, and the amount of energy supplied to the glass, FILAMENT (FIL) –the
scanning pattern and scanning length of the laser beam, VELOCITY (VEL) –the velocity
of the initial pull before the hard pull is executed, DELAY (DEL) –controls the timing of
the start of the hard pull in relation to the deactivation of the laser after the initial pull,
PULL –the force of the hard pull [195].
The right parameters for producing a nanopipette with specific tip geometry and size
is through replication, trial and error. Generally, increasing heat, velocity and pull
parameters increases taper length and decreases pore diametre [195], but these parameters
for a specific pipette size and geometry would change from puller to puller. Also, as the
quality and reproducibility of a puller will also vary with room temperature, humidity
and alignment of the laser itself, it is very important that the same puller is used for
all experiments of a study and that the puller is kept in the same environment and not
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moved in–between studies. A representative table showing consistent nanopore size for
nanopipettes pulled on different days using the same parameter and puller is shown in
appendix A table 5.
3.3 Properties of nanopipettes
The very small size coupled with the asymmetrical geometry of the nanopipette tip
gives rise to many unique features. A number of intriguing phenomena arise due to the
aniostropy of the nanopipette system including asymmetric electroosmotic flow [196],
ionic current rectification and concentration polarisation [197, 198]. Some of these
phenomena will be discussed in detail to understand transport of molecules through the
pore of the nanopipette and the resulting ion current.
3.3.1 Surface charge and diffuse double layer
Surfaces immersed in an electrolyte solution carries a surface charge because of specific
ionic adsorption on the surface or dissociation of protons from surface groups. This
leads to the formation of an electrical double layer at the interface between surface
and the electrolyte solution due to the accumulation of diffuse ionic layer in solution
to compensate the surface charge [199]. At the same time there will be homogeneous
distribution of ions in the solution due to thermal motion. Thus the solid/liquid interface
would be rather complex with multiple layers.
Gouy–Chapman–Stern model explains surface–electrolyte interface as a layered structure
with an immobile inner layer and an outer diffuse layer. The model proposes that the
inner layer made up of specifically adsorbed ions and solvent molecules is bound to the
surface, called the Inner helmholtz layer (IHL) or stern layer. Whereas the outer layer has
mobile solvated ions in solution exhibiting long range electrostatic interaction with the
charged surface, this is termed the diffuse layer or Outer helmholtz layer (OHL) and the
nonspecifically adsorbed ions in this layer extends from the OHL into the bulk solution
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Figure 3.14: Gouy–Chapman–Stern model explaining the distribution of ions in a double
diffuse layer at the solid–liquid interface.
the thickness of which approximately equal to the debey length. This is called the Double
diffuse layer (DDL).
So the DDL formed to neutralise the charged surface in turn causes a electrokinetic
potential (surface potential) between the surface and any point of mass of the electrolyte.
The surface potential is related to the surface charge and thickness of the double layer and
this potential drops off linearly in the stern layer and exponentially in the diffuse layer
until zero at the imaginary double layer boundary in the bulk solution [200, 201].
3.4 Surface charge and conductance in nanopipettes
Transport of ions through the confined geometry of a nanopipette is effectively dependent
on their surface properties due to their large surface area to volume ratios. A electric
diffuse layer of a quartz nanopipette in KCl (pH 6.8) electrolyte will carry a negative
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charge (due to the ionisation of functional groups (−OH) on the surface) which will be
compensated by an excess of K+ ions accumulation near the surface through electrostatic
interactions. And consequently clouds of excess K+ ions and depleted Cl− ions exist near
the glass surface–electrolyte interface thus forming the DDL. The DDL in presence of an
electric field will contribute to the electric current (flux of ions) across the nanopipette
depending on the pore size, electrolyte concentration and thickness of the DDL [181,
202, 203].
For example, when the DDL thickness is comparable to the diametre of a nanometre
sized tip, the current (ion flux) must pass through the diffuse layer and the electrostatic
interaction between ionic species and surface charges will affect ion transport properties.
On the other hand, if the DDL thickness is negligible compared to the tip diametre, it will
not affect ion movement, because most of the ions migrate through the electrically neutral
(bulk composition) zone of the electrolyte. Thus the I–V characteristics of nanopipette
will be strongly affected by the DDL thickness at the orifice of the quartz pipette [181,
204, 205, 206]. Ion current rectification is further discussed in the chapter 7.
Now, a nanopore with charged inner wall will thus have a varied ion distribution inside
the pore to that is in the bulk solution. At high salt concentrations influence on the ion
current is exerted by the charge carriers in bulk solution and so the conductance will
increase with increase in number of charge carriers, but the counter–ions that shield the
nanopipette negative surface also contribute to the conductance. Thus the overall ion
current through the pore is thus a sum of the contributions from bulk ions and counter
ions shielding the surface and is represented by equation 3.1 adapted from Smeets et al.
[207].
G =
σ
4
d2Pore
LPore
[(µK + µCl)nKCle+ µK
4σ
dpore
] (3.1)
where, dPore is the pore diametre, LPore is nanopore length, nKCl is the number density of
pottasium or chloride ions, e is elementary charge, σ is surface charge density in the pore,
µK and µCl are electrophoretic mobility of the respective ions.
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In the equation, the first term is in relation to the bulk conductance and the second term
represents the surface charge contributions. At KCl densities higher than nKCl >> 2σdPore e
the bulk conductance takes over as mentioned before and as nKCl is lowered surface effects
dominate the conductance. For more detailed experimental measurements on the salt
dependence of ion and DNA translocation, refer Smeets et al. [207].
3.5 Electroosmosis and electrophoretic forces in a
nanopipette
Consider a quartz nanopipette filled with and immersed in KCl electrolyte, two Ag/AgCl
(non polarisable) electrodes inside the nanopipette and outside in the bulk electrolyte
completes the connection. On application of a voltage, the transport of ions in and out
of the pore of the nanopipette provides the baseline current signal [208], as shown in the
figure 3.15. Two reversible electrochemical reactions occur at the electrodes, an oxidative
reaction at the anode results in an electron migrating through the wire to produce current
(generating a charge imbalance) which results in K+ cation migration towards the
nanopore. A reverse reaction at the cathode produces Cl− that migrates towards the pore.
Anode: Ag(s) + Cl−(aq) = AgCl(s) + e−
Cathode: AgCl(s) + e− = Ag(s) + Cl−(aq)
In such a nanopipette system with nanoscale pore size and conical geometry the applied
potential results in a large pore resistance in the Mohms to Gohms range and the
field gradient occurs almost entirely at the tip and vicinity of the nanopipette [209].
Thus, the electric field inside the pore becomes the driving force for the electrophoretic
translocation of charged analytes. If a negatively charged analyte (DNA) is added
inside the nanopipette and a negative potential applied, the analyte is electrophoretically
translocated towards the anode from inside of the nanopipette to the outer bulk electrolyte
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Figure 3.15: Schematic of the processes that occurs at the electrode/electrolyte interface.
The quartz nanopipette surface has a negative charge and the arrows indicate the
movement of the ions in and out of the pipette with respect to the voltage applied.
thus causing a transient modulation in the otherwise stable baseline current [210].
Now, a charged surface immersed in a liquid electrolyte in the presence of an electric field
parallel to the surface, also results in a flow of ions adjacent to the surface. The interface
between the surface and the electrolyte forms a double layer, with excess cations (K+)
relative to the bulk concentration as explained before. Under an applied electric field, the
ions in the diffuse part of the double layer will move along the gradient and drag their
solvation shells thus resulting in a net flow of liquid in the direction of the electric field,
an effect known as electroosmosis.
Electroosmosis may play a role in nanopipette translocation experiments with their
influence dependent on nanopipette and analyte surface properties, and concentration of
electrolyte [211, 212, 213]. For example, electroosmotic effects are negligible with DNA
samples (potentially due to its sisable fixed charge) with translocations driven largely via
electrophoretic force whereas, proteins with variable charge with respect to electrolyte
conditions (pH, ionic strength) could have combined electroosmotic and electrophoretic
forces governing their translocation [200].
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3.6 Conclusion
Thus this chapter discussed how research with biological nanopores and their
development and further advancement to fabricate synthetic nanopores lead to a truly
nanopore regime of detection. Nanopipettes, after their inception many years ago for
applications in electrochemistry, with their facile and low cost fabrication coupled with
versatility have had significant impact in various fields including analytical science and
bionanotechnology.
Also, as described in previous sections, the adaptable use of glass nanopipettes to
produce hybrid nanopore system further extends their applicability and as such have been
extensively researched for biosensing studies, liquid–liquid interface studies and as probes
for microscopy techniques.
The chapter also described the principle of translocating charged molecules using resistive
pulse sensing and also presented some key theories like surface charge, double diffuse
layer and ion conductance effects which are important to understand single molecule
detection and sensing which makes up the work presented in the following chapters.
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Chapter 4
Review of Literature
In this chapter existing literature on single molecule detection using nanopores including
nanopipettes as well as related background about DNA nanostructures is reviewed to
rationalise this project. The sections explain the application of nanopipettes in the field
of single molecule analysis. Predominantly papers that utilize change in current as cue
for biomolecular translocation for various functions are discussed, but the review will
also consider the significance of optical detection and combined electrical and optical
detections in nanopipette translocations.
Moreover, the review will explore the challenges in single protein molecule detection
using nanopores in general and highlight the various strategies that have been
implemented in the recent years. Particularly, emphasis will be placed on the use
of ‘carrier molecules’ including long linear dsDNA, Lambda DNA, nanoparticles and
antibodies.
Moving forward, the review will introduce the existing literature of DNA nanostructures
in the field of nanopores for hybrid nanopore formation. Subsequently, discussions
on the potential of DNA origami nanostructures as a versatile tool for combination
with nanopipette translocation and detection of single entities is put forward. Thus a
justification between the existing carrier molecule approaches and the usage of DNA
origami carrier approach used in this thesis is drawn.
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4.1 Nanopores for single molecule analysis
Since the first implementation of biological [94] and solid state nanopores [121] for single
nucleic acid detection, a plethora of research has been conducted covering a wide range
of nanopore applications in both biotechnology and analytical fields. While the field has
seen significant achievement in nanopore DNA sequencing [208], it has also empowered
a vibrant area of research for interrogating biomolecules [4] including linear DNA, RNA,
proteins, nanoparticles, biological nanostructures and plasmids.
To portray more specifically, DNA translocation experimental studies to monitor DNA
translocation dynamics and conformation, analysis of several nanopore factors and their
effects including criteria like bias voltage, surface charge of nanopores and electrolyte
concentration on DNA translocation have been studied [214]. Another important research
area that has been extensively looked at is the use of nanopipettes for biosensing,
especially for detecting protein biomarkers in clinical and medical diagnosis.
In a standard nanopore experiment target molecules are translocated through the pore
via an applied external electric field, which results in a transient change to the
otherwise steady current. Information extracted from these modulations is used to
detect and characterise different target analytes. However, while numerous protein
biomarker detection in biological and solid state nanopores and nanopipettes both directly
and indirectly have been successfully demonstrated, chief setbacks such as reduced
selectively, nonspecific interactions with pore walls and poor signal to noise ratio
(especially if the analyte size is smaller than the nanopore opening) still remain to be
tackled.
Recent simulations showed that translocating a <100 kDa protein via solid state
nanopores with pore size ∼10 nm or less using a 10 kHz bandwidth current amplifier
only detects 0.1% of the total translocation events. Thus while direct protein detection
via nanopores is possible, it seriously suffers from low temporal resolution and results
in only a fraction of events to work with [215, 216]. Hence a more robust nanopore
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detection system capable of high sensitive detection becomes imperative. Moreover, the
need for specificity while working with complex samples demands improved alternatives
with ability to differentiate similar sized proteins.
Thus a variety of strategies have been implemented to overcome the above mentioned
problems including development of high bandwidth electronics [19, 20] and careful
selection of electrolytes [18, 17] to slow down translocations. Fraccari et al. built
custom made electronics capable of high bandwidth low current detection in∼20 nm pore
sized quartz nanopipette translocations, their platform combined ultra–low noise current
reading and voltage biasing with zapping and automatic reverse biasing for versatile
nanopore sensing.
Similar improvements with high measurement bandwidth was put forward using SiN
nanopore integrated with custom CMOS–integrated nanopore (CNP) amplifier. With
ultra thin solid state nanopores the authors were able to detect transient features within
translocation events with a signal as large as 30 nA and temporal resolution down to
100 ns, which are otherwise masked at lower bandwidths. Another study by Larkin et
al. [217] combines high bandwidth electronics with ultrathin hafinium oxide (HfO2) and
silicon nitride (SiN) membranes of around 5 nm pore size for effective detection of sub 30
kDa proteins (Proteinase K and RNase A). The pore–amplifier combination was able to
detect short current events downto 2–2.5 µs dwell time with a 250 kHz bandwidth which
resulted in a reasonable capture rate.
Alternatively, the bandwidth requirements can be reduced by an order of magnitude
by slowing down the molecule translocation speed. For example, the viscosity of the
electrolyte solution plays an important role in analyte translocation, studies show that
increasing the electrolyte viscosity results in a linear increase in translocation dwell time
with as much as 5 times increase in temporal resolution [17].
Also, experiments with respect to bias voltage indicate a linear relationship to current
blockages and inverse proportionality to translocation dwell times. But it should be noted
that DNA translocation for an applied voltage with respect to target size and nanopore
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size is also strongly influenced by the nanopore energetic barrier [218], which the target
molecule needs to overcome for successful translocations.
For example, in a protein nanopore, DNA translocations are not detectable below ∼50
mV but SiN nanopores were shown capable of DNA translocation at a bias voltage as
small as ∼20 mV [17]. A strong dependency of target translocation towards temperature
has also been demonstrated in both solid state and biological nanopores, with decrease in
temperature leading to decrease in current blockage and increase in dwell time.
Though by a combination of the above discussed electrolyte factors one could slow down
analyte translocation, this is achieved at the expense of signal levels, i.e., slowing down
translocation could also result in decrease of conducting ions and inhibit molecular flux
into the pore which decreases current blockage signal.
Figure 4.1: Ion current traces of dsDNA
and ssDNA translocation events in
different concentration of various ionic
solutions, first and last row shows a
clear correlation of increase in dwell
time with change in electrolyte from
KCl to NaCl to LiCl, centre row shows
further decrement of translocation time
with increase in LiCl concentration from
1 M to 2 M to 4 M. Figure adapted from
Kowalczy et al. [18].
Instead one could simply use different electrolytes like LiCl and NaCl in the place of KCl
to considerably slow down molecules in a nanopore. Various monovalent ions (K, Na,
Li) have different effects on analyte molecules, and therefore the charge of the analyte
due to analyte–counterion interactions impacts an effect on translocation. As shown by
Kowalczy et al. [18] 48.5 kbp dsDNA molecule translocation in 1 M KCl, NaCl and LiCl
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ionic solution showed increasing translocation time in that respective order. With respect
to LiCl, further increase in electrolyte concentration to 4 M slowed down the DNA by a
factor of 10 resulting in a very good signal to noise ratio.
Molecular dynamics (MD) simulations at a molecular level with a 8 nm pore also
demonstrate that the minimum bound duration for 4 M ion concentration is again
dependent on the type of ions, with the most durable bonds formed by LiCl followed
by NaCl and then KCl. Though the study indicates that LiCl at high concentrations
offer certain advantages for analyte translocation, such as increased ion current signal,
the electrolyte system becomes a hinderance when one wants to extend the technique to
physiological conditions and sensitive biological samples.
Another way around the setbacks is to modify the nanopores, both chemical and biological
modification of nanopores [142, 219] have been attempted. For instance, Yusko et al.
made use of a bio–inspired (pheromones detection by insects) approach to detect single
molecules (streptavidin, anti–biotin fab fragments and anti–biotin antibodies) by coating
solid state nanopores with lipid bilayer. The biotinylated lipid bilayer formed by small
unimellar liposomes was utilised as means for fine tuning the nanopore size via choice
of lipids with respect to the target and for functionalising target specific ligands in and
around the nanopore (figure 4.2a).
Due to the fluid nanopore coating, translocation of molecules after ligand capture was
possible with increasing frequency as the specific ligands on the mobile sheet of lipid
layer helped bring the proteins from the bulk solution to near the pore and subsequent
translocation via 2 dimensional diffusion, as opposed to detection of analytes with
permanently fixed surface modifications [220, 221]. Translocation of lipid bound proteins
also helped with slowing down the translocation due to the high viscosity of the lipid
bilayer making possible time resolved detection.
The study was also extended to demonstrate the ability of fluid bilayer to prevent
nonspecific interactions or absorption and facilitate smooth translocation of aggregate
prone proteins (AB peptides) preventing clogging of nanopores.
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Figure 4.2: Biological and chemical modification of nanopores and resulting ion current
traces a) lipid (POPC) coated SiN nanopore with illustrative streptavidin binding to the
specific lipid anchored biotin–PE. b) Gold coated nanopore with SAM of matric thiol
and NTA receptor thiols, the image also shows the NTA receptor specifically binding to a
His6–tagged protein. c) Single conical nanopore etched from poly(ethylene terepthalate)
(PET) foil irradiated with Au ions coated with Al2O3 and ion current trace events
corresponding to translocation of BSA. Abbreviations POPC : 1-palmitoyl-2-oleoyl-
glycero-3-phosphocholine, Biotin PE : 1-oleoyl-2-(12-biotinyl(aminododecanoyl))-sn-
glycero-3-phosphoethanolamine. Adapted from Yusko et al. [219], Wei et al. [222] and
Wang et al. [223].
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Apart from biological functionalisation solid state nanopores (SiN) have also been
chemically modified, metallic (gold)–solid state nanopores chemically modified with
nitrilotriacetic acid (NTA) receptors was used for detecting protein molecules [222] with
ion current trace representing long lasting dwell time events observed for target binding
and translocation.
For this, a mixture of ethylene glycol terminated SAM and NTA receptors were assembled
on the gold surface, while the NTA binds His–tagged proteins specifically and the
SAMs prevents nonspecific protein binding onto the pore walls of solid state nanopores.
Detection of proteins binding to the receptor was deduced from the ion current jumps and
analysing the dwell time. The system was also used to detect antibody binding to the
same protein, thus demonstrating a sandwich sensing assay, figure 4.2b.
Fine–tuning properties of nanopore inner surface has also been shown to facilitate direct
detection of proteins, for example Bovine serum albumin (BSA) detection through Al2O3
modified nanopores was reported by [223] as shown in figure 4.2c. Atomic layer
deposition of Al2O3 onto PET conical nanopores both reduced its pore size just about a
little greater than the BSA and imparted an positive charge, capable of weak interactions
with the protein target, onto the otherwise negatively charged wall. This weak interaction
served to reduce translocation time and subsequent well defined signals were obtained.
Another option, is to simply use single molecule fluorescence and attain optical
detection of the translocations. Since optical approach allows for direct observation
of translocations it also prevents any misintrepretation regarding single molecule
translocations. Recently, SiN nanopores was used for studying 2.8 kbp dsDNA end
labelled with fluorophore Cy3 using both ion current and fluorescence for detecting
translocations [21], the native fluorescence of SiN was effectively reduced by treating
the membrane with a dose of He ions. Though simultaneous synchronised electro–optical
measurements was not possible with this system, the study successfully demonstrated
parallel optical detections in an array of nanopores.
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4.2 Carriers for protein detection
Alternatively, several research groups have also examined the use of carrier molecules
to overcome the above said setbacks. This includes the novel method of utilising long
dsDNA strands to detect biomolecules bound to the DNA, the underlying principle is
to make use of the secondary level current (sub level) that transpires in addition to the
blockage current of dsDNA upon target binding. As a consequence, by monitoring the
ion current pattern one could detect the biomolecules in the sample and also extract
information on their binding process.
Thus a large carrier molecule–like dsDNA–acting as an anchor could effectively slow
down the protein target, impart specificity and selectivity and also provide a good signal
to noise ratio. Recently, several groups have in effectuation applied this concept for
several promising applications, several different carriers apart from dsDNA have also
been experimented with. This section will discuss a few representative examples.
4.2.1 Qualitative detection
Among the work with dsDNA carriers, Bell and Keyser [23] made use of long linear DNA
strands as backbone to form dumbbell shaped protrusions and modified some regions of
the DNA to conjugate antigen molecules thereby essentially forming a barcoded antibody
detection system.
The double stranded backbone was formed by using a 7.2 kbp long ssDNA hybridised to
several 38 bp long oligonucleotides, the DNA dumbbell hairpin structures were made of
28 bp that projected from the dsDNA backbone with an additional 20 bp for attachment
to the backbone. The dumbbells were placed 20 bp apart and forms a left handed helix
around the backbone, dsDNA with varying number of dumbbell projections (5, 17 and
29) were tested to arrive at a compromise between number of hairpins needed and space
left on the backbone for high accuracy read and signal size. A five section 11 hairpin
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projection was thus constructed by labelling the first and fifth sections as controls for start
and stop of the barcode, and changing the 2nd 3rd and 4th section as ON (with hairpins)
and OFF (remove hairpins to form dsDNA) signals.
Figure 4.3: Schematic of dsDNA carrier system and respective sub–level ion current
events a) the dsDNA carrier modified with antibody binding probes and encoded with
a dumbbell barcode scheme, b) dsDNA carrier with ssDNA overhangs, c) dsDNA PNA
carrier system. Figures adapted from Bell and Keyser [23], Yue et al. [26] and Singer et
al. [22] respectively.
Thus a library of different codes were designed through which successful detection of
IgG antibody isotopes was achieved by specific placement of antigen sites in the dsDNA
backbone. They were also able to demonstrate multiplexing of the system, to detect
four target antibodies (biotin, bromodeoxyuridine (BrdU), puromycin and digoxigenin)
by attaching different antigens to the backbone structure.
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A similar idea, but for detecting short (∼100 nucleotide) DNA fragments was proposed
by Yue et al. [26]. Their system utilises long linear dsDNA (7.2 kbp) with short DNA
sequences as probe overhangs at specific locations to bind ssDNA fragments and detect
and differentiate them via sub–level ion current using quartz nanopipettes of 20–30 nm
pore size. The overhangs were composed of short 12 bp sections with the carrier backbone
and a 88 nucleotide long ssDNA protrusion that could be hybridised with the target DNA.
Alternatively, Singer et al. [22] studied the sensitivity of SiN nanopores by threading
long linear DNA molecules with and without bound Peptide nucleic acid (PNA)
molecules, wherein they successfully demonstrated the identification of PNA probe
specific sequences via increase in signal to noise of sub–ionic current. The detection
system consisted of SiN nanopore fabricated via focussed electron beam in the range of
4–5 nm pore size for unfolded DNA entry and slow translocation. The 3.5 kbp length
fragments taken from the lambda phage one with regions of bis–PNA complementarity
and one without recognition sites acted as target and control sequence. The 8 bp PNA
regions in the dsDNA contributed to a 200 fold increase in translocation time of the
PNA–DNA complex compared to the control sequences of same length.
The authors relate this to non–specific interactions of the complex with the nanopore
and formation of kinks at the PNA binding site as described elsewhere [224]. Thus an
electrical method of label free single and multi specific PNA tagged dsDNA recognition
approach via simple nanopore translocation was put forth.
Yet another single molecule detection system based on Lambda DNA modified with
aptamers was put forward by Sze et al. using ∼16 nm quartz nanopipettes [25]. Whence
dsDNA carriers in previous works were constructed from ssDNA templates hybridised
with short complementary strands, starting with an intact dsDNA lambda strand and
utilising the single stranded terminal for probe modification simplifies the preparation
process but also introduces design limitations.
Proof of concept was demonstrated with incorporation of thrombin molecule at two and
three different sites separated by 96 bp length in the carrier at concentrations as low as 1.6
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nM. Translocation resulted in distinct ion current peaks consisting of two levels of events
with the 1st level pertaining to the dsDNA carrier and the second level contributed through
target binding, the sub level count also varied with respect to the number of bound proteins
i.e two subpeaks for two thrombins and three for three bound thrombin at the aptamer
positions. The significant difference in current and dwell time for the unbound and bound
carrier were also used to successfully detect and differentiate the multiple protein targets.
In addition multiplexing by simultaneous detection of thrombin and Acetylcholinesterase
(AChE) was also carried out in both buffer and biological sample.
Figure 4.4: Schematic of Lambda DNA end modified with different target specific
aptamers for multiplexing study along with the respective ion current event for 2 and
3 protein detection, adapted from Sze et al. [25].
Further interestingly apart from use of long dsDNA, gold nanoparticles modified with
aptamers and antibodies have also been used as carriers for direct detection of proteins.
Specifically, DNA aptamers functionalised onto gold nanoparticles about 5 nm in size
(AuNps) were used for selective target protein binding [225]. The aptamers were 5’
end modified with thiol group for easy attachment onto the gold nanoparticle surface,
the aptamer also included an additional 10 thymine bases as spacer for reducing steric
hinderance with the AuNPs and lyzozyme bound aptamers if any. The nanoparticles
imparted an increase in both event frequency and ion current signal which was very
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advantageous in detecting single lyzozyme.
Differentiation between the nanoparticles, lyzozyme bound and unbound aptamer
modified nanoparticles were achieved through the current amplitude change from current
enhancement to blockade at different polarity of voltage applied. The detection technique
was also demonstrated for complex mixtures containing excess of other components.
Another label free protein detection technique [226] made use of nanopipettes to detect
single α fetal protein via antibody specific binding. Traditional method of comparing
translocation dwell time and ion current amplitude was made use of to detect protein
bound antibodies and also differentiate them from unbound antibodies, deep current
blockades (∼2.7 fold increase) were observed for even low concentrations (1 nM).
4.2.2 Quantitative detection using carriers
The above mentioned examples mostly involve qualitative detection of single molecules,
but with the help of long DNA as carriers, quantitative detection of the single analytes
has also been achieved [24, 27]. Keyser and group in 2016 were able to show quantitative
detection of single molecules by utilising the secondary ion current signal upon target
binding as explained in previous examples. For this, the linear single stranded M13mp18
virus genome (7.2 kbp) hybridised with 190 complementary strands each of 38 bp was
modified at specific locations with a 5’ extension of three thymines which then anchored
the probe. Two systems biotin–streptavidin and digoxigenin–antidigoxigenin were tested
with a quartz nanopipette separately to detect target binding via translocation ion current.
Even though the study employed high ionic concentration buffer system (4 M LiCl) that
raises concerns with biological samples, it was a first of a kind quantitative biosensing
system that made use of carrier occupancy to evaluate the protein concentration.
Despite the many successes of long linear DNA carriers for both qualitative and
quantitative sensing, it is not without its limitations, existing literature shows translocation
of long strands of DNA through the nanopore are prone to forming knots and kinks
[28, 29] which are known to provide false positive signals. Also the notable variations
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in the signal depending on the translocation orientation and varying blockage rates due to
the passage of multiple DNA molecules [30] through the nanopore makes long dsDNA
debatable as carriers especially when working with sensitive electrochemical detection.
In order to circumvent these problems, recent work by Cai et al. [27] combined single
molecule spectroscopy with electrochemical nanopore detection to provide a two factor
conformation of binding events. The electro–optical set consisted of ∼21 nm quartz
nanopipettes aligned precisely with the diffraction limited optical volume, the alignment
confirmation was carried out through translocation of YOYO–1 fluorescently labelled
5 kbp DNA and monitoring the percentage synchronisation between the electrical and
optical channels.
Figure 4.5: Quantitative protein sensing using dsDNA carrier, a) makes use of sub level
current spike, adapted from Kong et al. [24] and b) utilises the synchronised electrical
and optical translocation trace, adapted from Cai et al. [27].
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The authors as in their previous study [25] used double stranded lambda DNA with
overhangs to hybridise target specific probes but in addition included a flurophore
label, this allowed for simultaneous translocation and detection of the target as well as
confirmation of binding electrically and optically. The proof of concept was demonstrated
with two schemes, one by labelling the target with flurophore and two a carrier design with
molecular becon utilising aptamer and flurophore–quencher pair.
In the target labelled approach, flurophore labelled streptavidin detection and quantitation
using biotynylated oligonucleotide hybridised with the carrier was demonstrated via a
concentration dependent study. While free carriers produced event signals in the electrical
channel and free streptavidin in optical channel, synchronised signals are observed for
target bound carriers in both electrical and optical channels. The percentage of this
synchronised events over the total electrical signal was used to calculate a binding affinity
of 7.6 pM.
Further, with the molecular beacon system, attachment of target molecules resulted in
separation of the flurophore and quencher and again using the synchronised detection
signals thrombin molecules were detected at the single molecule level with a Kd of ∼5
nM and detection limit of 0.5 nM. This clever contraption was found to be sensitive
down to single bp mismatch when tested with control sequences. The system was also
successfully used to detect target molecules in serum and urine samples to demonstrate
its physiological relevance.
Their approach, although elegant, negates the key advantage of nanopore sensing where
complex optical setups are required, compared to the relatively simple electrical detection
systems. To explore the full potential of nanopores for health diagnostics, medical
applications and even as environmental monitors, it is eminent for the system to be simple
for advancement as real time sensing systems and portable devices. On that regard an all
electrical sensing system is advantageous.
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4.3 DNA nanostructures in nanopore research
A significant difference with carrier molecules and target bound carrier molecules is
important in achieving clear differentiation in their ion current, this can be imparted either
via charge or mass difference. Most of the carrier based systems discussed in this chapter
that makes use of long linear DNA threading into ∼20 nm or less nanopores relies on
the extra mass of the bound target that results in a sub–current in addition to the carrier
current. While this scheme has been effectively used in many detection systems for both
proteins and DNA, a more specific ion current change with respect to bound target would
bring about further advantages to the nanopore based sensing system.
As such, instead of complex optical integrations or modifying the target or nanopore
walls, one could simply take the long DNA and form defined compact DNA origami
structures.
Figure 4.6: Nanoplate on nanopore (SiN) setup. DNA origami nanoplate(50×50 nm)
with varying central apertures electrically placed on top of a 18–25 nm SiN nanopore to
act as size selective gatekeepers, the right most image shows target specific modification
of the nanoplate named as ‘bait–prey’ capture technique. Figure adapted from [135].
While DNA origami has already ventured into nanopore research, its use has mostly been
towards hybrid nanopore formation or as selective gatekeepers, figure 4.6. For example
use of DNA nanoplates [135] placed onto solid state nanopores fabricated via e–beam
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lithography effectively reduced the pore size from ∼18–25 nm to ∼5×7 nm or 9×14 nm
with respect to the nanoplate aperture design. Placement was achieved through a bias
voltage that sucked the nanoplate to the pore and translocation of the nanoplate itself was
prevented as the nanopore diametre was slightly smaller than the nanoplate.
While reducing the pore size led to the successful detection of 52 kDa single streptavidin
molecule translocations it also significantly increased the baseline noise. Moreover the
nano plate aperture was too small for larger Immunoglobulin G (IgG) (150 kDa) molecule
translocation. These hybrid nanopores were also used for detecting ssDNA and were
capable of specific interaction with the target molecule via the DNA origami nanoplate
and hence produced selective highly differentiable signals, an approach the authors called
bait–prey mechanism.
So far DNA origami as hybrid systems have been used for detecting variety of single
molecules but research in DNA origami–nanopore combinations still needs improvement
to address many problems. Specifically, ion current noise upon attachment, current
leakage and insufficient pore space for larger protein molecule studies and analysis [227].
Nevertheless, the many excellent characteristics of DNA origami such as ease of design,
stability, versatility in size shape and dimension makes them very attractive for single
molecule detection.
Thus, in this project we attempt to make use of the appealing features of DNA origami in
an alternative way–as carriers–in combination with quartz nanopipettes towards designing
a highly selective biosensing tool.
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Chapter 5
Methods and Materials
5.1 Materials
5.1.1 Protein and chemicals
CRP protein (human) was purchased as an aqueous solution from Sigma Aldrich (St.
Louis, MO, USA) in 0.02 M Tris, 0.28 M sodium chloride, 0.005 M calcium chloride,
pH 7.8–8.2, containing 0.1% sodium azide. The restriction enzymes and T4 ligase were
purchased from New England Biolabs (NEB) Inc, Ipswich, MA, USA.
Potassium chloride (KCl) made up to 100 mM, magnesium acetate (MgAc) made up
to 100 mM and tris-acetate (Tris-Ac) that was made up to 100 mM (pH 7.4), glycerol,
Ethylenediaminetetraacetic acid (EDTA) 0.1 mM, Tris acetate EDTA (TAE) buffer : 10×
concentrate that can be diluted to a 1× solution containing 40 mM tris, 40 mM acetate,
and 1 mM EDTA, pH ∼8.3 were all also purchased from Sigma Aldrich (St. Louis, MO,
USA).
All the accompanying figures in this section were created using Adobe Illustrator and
biorender.com unless specified otherwise.
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5.2 Methods and techniques
5.2.1 DNA restriction and ligation
There are several enzymes that can modify a DNA sequence by addition or removal of
particular chemical groups, one such enzyme called Restriction endonucleases type II
(RE II) can cut DNA at precise locations close to or within their recognition seqence in a
reproducible manner. There are several restriction endonucleoases and each has its own
specific recognition sequence where it cleaves the DNA and nowhere else. For example,
restriction endonuclease PvuI cleaves DNA only at CGATCG sequence and EcoRI cuts
only at GAATTC as shown in figure 5.1.
The way these RE cleaves the dsDNA results in either blunt or sticky ends. Many of
them cut the dsDNA at the middle of the recognition sequence and thus results in a blunt
or flush end, example, PvuII and AluI are blunt ends cutters. Some other restriction
enzymes cleave dsDNA in a staggered pattern, so that the resulting dsDNA strands have
short single stranded overhangs. These are called sticky or cohesive ends, which can then
be joined together due to the complementary base pairing between them.
A restriction digest reaction is carried out by adding the specific restriction enzyme to
the required concentration of DNA and buffer. And the mixture is incubated at the right
working temperature (37◦C for most of the RE) for 1 hour after which, the enzymes are
most commonly deactivated via incubation at 70◦C for few mins.
Ligase is an enzyme produced by all living cells to carry out functions of repair in case
of discontinued base pairs or breakage in a DNA molecule and simply ligate strands of
DNA during replication and recombination.
In laboratory conditions ligase (T4 ligase from T4 bacteriophage) can be used to stick
together individual DNA molecules or two ends of a same DNA molecule. The enzyme
catalyses the formation of phosphodiester bonds between the juxtaposed 5’ phosphate and
3’ hydroxyl termini thus bridging the two ends.
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Figure 5.1: Schematic of a) restriction reaction using EcoRI enzyme (the schematic
unwinding of the dsDNA is only a representation for clearly denoting the bp) and b)
ligation example of an insert into a vector.
The reaction follows the steps of adding T4 DNA ligase and T4 ligase buffer (50 mM
Tris-HCl, 10 mM MgCl2, 10 mM Dithiothreitol 1 mM ATP, pH 7.5 ) with the DNA
molecules of interest and incubating them at 16◦C overnight or room temperature for
10mins, followed by heat inactivation at 65◦C for 10 mins.
The different restriction enzymes namely EcoRI, NcoI, NspI, KasI, BmtI, and T4 DNA
ligase were used for the construction of DNA origami structures used in chapter 8.
5.2.2 Polymerase chain reaction
Polymerase chain reaction (PCR) is a selective amplification technique for copying
specific regions in a DNA. The region of amplification is defined by two short
oligonucleotides primers, the primers each bind to one strand of the dsDNA thus flanking
the sequence of interest. Amplification proceeds with the help of thermostable DNA
polymerase enzyme that catalyse the formation of phosphodiester bonds between the
neighboring nucleotides with respect to the template strand.
Typical PCR comprises of 30 to 40 cycles with repeats of three major steps, denaturation
(94◦C), annealing (50◦-65◦C) and extension (68◦-74◦C) of tiny amounts of DNA as
template and results in accumulation of the product in an exponential fashion through
each cycle (figure 5.2). For example, after 30 cycles one would have 130 million short
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Figure 5.2: Polymerase chain reaction illustrated with denaturation, annealing and
extension steps numbered 1 2 and 3 respectively.
products derived from each starting molecule, i.e., several micrograms from nanograms
or less. For a PCR reaction to occur the DNA template is mixed with DNA polymerase
enzymes, the primers and nucleotides mixture (A, T, G, C) in appropriate concentrations
snd subjected to the respective heat cycles.
Colony PCR
Colony PCR is a method for determining the presence or absence of a particular sequence
(insert) in a plasmid construct (vector). It allows for a convenient way to check insertion
of the target in the vector upon transformation by directly adding the cells in the PCR
reaction. The colony PCR reaction follows the traditional PCR steps, but in the initial
heating step the cells are lysed causing release of the plasmid DNA which will then serve
as the template for the rest of the reaction as shown in the figure 5.2. Colony PCR can
also be used to check if the insert is of the correct molecular sise and orientation in the
vector.
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In this thesis, PCR was used in the amplification of the different scaffold fragments for the
construction of nanostructures in chapter 8, and colony PCR was used for confirmation
of formed scaffold.
5.2.3 DNA purification and quantification
All nucleic acid products used for DNA origami scaffold construction were purified
to remove residual components including enzymes and Deoxynucleotide triphosphates
(dNTPs) from the reaction mixture and to exchange them into a storage buffer.
Purification was directed using spin columns from Roche (Roche Diagnostic Ltd, West
Sussex, UK) High pure PCR product purification kit, that makes use of silica to selectively
bind DNA in the presence of chaotropic salts and high ionic buffers.
The protocol follows the steps of binding DNA to silica surfaces, repeated washing and
elution from the columns using a low ionic buffer. The spin steps were carried out on a
table top microcentrifuge (Eppendorf) at 13,000 rpm in room temperature and eluted to
30–50 µl volumes. Quantification of the eluted products was carried out with a Nanodrop
2000 UV spectrophotometer (Thermo scientific, Wilmington, DE, USA). 1 µl of the
sample was loaded onto the pedestal and quantified after proper cleansing and blanking
with distilled water and elution buffer respectively.
5.2.4 DNA origami purification
Nanostructure purification was carried out via gel filtration process using Sephacryl S400
(GE healthcare, UK). Molecules in the sample are separated depending on their sise and
with respect to the sise exclusion resin used, molecules larger than the largest pores elude
the gel and elute first while intermediate sise molecules and very small molecules enter
the matrix to varying extents and elute later.
It is important to note that exclusion limits of the gel filtration resins are only meaningful
in continuous flow processes. In spin column gel filtration chromatography, the product
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Figure 5.3: DNA origami purification via S–400 column, a) schematic represents small
molecules entering the gel and large molecules eluting first b) the purification steps where
in the step 1 the column is washed with the DNA origami storage buffer(10 mM MgAc, 10
mM TrisAc, 1 mM EDTA), and samples added in step 3 and eluted into the storage buffer
in step 5.
pass through the gel whereas the smaller impurities are retained depending on resin,
sample volume, product sise and the g force used in the purification process.
In this thesis, the folded nanostructures are purified by removal of excess staples via a
sise inclusion matrix and eluted into the same folding buffer.
5.2.5 Gel electrophoresis
Electrophoresis is a technique where molecules in a sample mixture are separated under
the influence of an applied electric field. The rate of migration is determined by the
shape and charge to mass ratio of the molecules. As many proteins and nucleic acids
have identical charge to mass ratios and as most DNA molecules are the same shape,
electrophoresis of different sise molecules in solution results in little or no separation.
The sise of the nucleic acid becomes a factor, when electrophoresis is performed in a gel.
The gel, commonly made of agarose, polyacrylamide or the combination of both consists
of intricate network of pores through which the molecules migrate through under the
applied electric field. Thus, using gel electrophoresis molecules (DNA, RNA or proteins)
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in a sample mixture is separated based on their sise, charge and shape.
A slab of gel is made using an electrically conductive mildly basic buffer TAE or Tris
borate EDTA (TBE), the percentage of agarose or polyacrylamide by mass creates a
molecular sieve, with a pore sise in relation to the percentage used, i.e. higher percentage
of gel yields smaller pores and vice versa. The solidified slab of gel is immersed in the
same conducting buffer between an anode and cathode. The alkalinity of the buffer brings
a uniform charge to the sample molecules and the electric field causes them to migrate
through the gel matrix towards the positive or negative end depending on their net charge.
5.2.6 Electrophoretic mobility shift assay
Electrophoretic mobility shift assay (EMSA) is a technique based on the principle that
protein bound nucleic acids migrate the gel slowly in comparison to the free nucleic
acids. Thus the technique is also called gel shift assay or retarding gel electrophoresis
as the rate of migration of the complexes is shifted or retarded. Non–denaturing agarose
or polyacrylamide gels with TAE or TBE buffer are used to resolve the protein–DNA
complexes and the success is largely dependent on the stability of the complex. While the
gel matrix provides a caging effect, the low ionic strength of the electrophoresis buffer
helps stabilise the interactions [228]. Wide range of nucleic acids sises and structures and
various sises of proteins are compatible with this assay. But the technique is not without
limitations, for example, samples at disequilibrium, and rapid or slow dissociation of
samples. It is also important to note that several variables like the electrophoresis run
time, applied voltage, buffer conditions, protein binding conditions and use of additives
should be optimised from sample to sample so that one does not underestimate the binding
density. Thus, though the non–denaturing EMSA could resolve protein bound DNA from
unbound DNA, it was only used as an additional technique to validate the results and does
not provide a straightforward evaluation in this thesis.
All the gel electrophoresis images shown in this thesis are agarose gels, gels used in
chapter 8 are 1% gels run in 1×TAE buffer for 60mins and the agarose gels for EMSA
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Figure 5.4: Electrophoretic mobility
shift assay, schematic shows shift in
bands with protein bound nucleic acid
samples whereas unbound free nucleic
acid samples runs further down the lane.
studies in chapter 9 are 0.5% gels in 1×TAE and 11 mM MgAc with runtime of 2 hours
at 4◦C. Typically 100 ng of the products were loaded in the wells for proper visual
identification along with 1 kbp ladder. The separation voltage was applied at 80 V.
5.2.7 Cloning protocol
The NEBuilder HiFi DNA assembly (NEB Inc, Ipswich, MA, USA) is a high efficient and
accurate protocol that makes use of a mixture of enzymes that work together to assemble
multiple fragments of DNA regardless of end compatibility or fragment length, producing
a double stranded sealed DNA molecule.
The reaction mixture consists of exonuclease–to create single stranded 3’ overhang which
allows for annealing of fragments with complementary ends. For this, the fragments
should be designed with overlapping end sequences (15–25 nt) with Tm equal to or greater
than 48◦C (assuming A–T pair = 2◦C and G–C pair = 4◦C) as shown in the figure 5.5. The
overlaps can be split between the vector and insert (orange) in any combinations to make a
short primer or can be entirely made of vector sequence (blue) depending on the fragments
to be assembled.
Polymerase–to fill the gaps within the annealed fragments and DNA ligase–to seal the
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Figure 5.5: Schematic of the NEBuilder HiFi DNA assembly a) primer design and b)
protocol to form dsDNA.
nicks to form a circular dsDNA. The reaction mixture along with the fragments were
incubated in a thermocycler at 50◦C for 15 minutes or 60 minutes if more than 2 fragments
are assembled.
In this thesis, the vector (f23) and insert (f1) fragments (see chapter 8 section 8.2.1)
for the custom scaffold (phagemid) was assembled using inserts with overlapping vector
sequences.
5.2.8 Phage transformation and expression
The successfully constructed custom scaffold from the HiFi cloning protocol was
chemically transformed in competent E.Coli cells (DH5α from NEB Inc, Ipswich, MA,
USA ) and 100 µl of the culture was spread onto 2× YT agar (16 g tryptone, 10 g yeast
extract, 5 g NaCl, 15 g agar) plates containing ampicillin (100 mg/ml) and incubated
overnight at 37◦C.
Individual colonies were then selected and grown in 200 µl 2× YT broth (16 g tryptone,
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10 g yeast extract, 5 g NaCl) containing ampicillin for 2 hours at 37◦C in a shaking
incubator at 250 rpm. The colonies were also simultaneously tested for successful
transformation via colony PCR. This was followed by scale up to 5 ml 2× YT cultures
containing ampicillin, the rest of the 200 µl cultures were frosen for future use in 80%
glycerol. After overnight incubation at 37◦C, DNA extraction from the 5 ml cultures was
carried out via miniprep protocol as explained below.
The extracted DNA was then taken forward for chemical co–transformation with mp13cp
cells (a gift from Dr. Simon White, University of Leeds). Similar protocol of inoculation
and incubation was carried out onto 2×YT agar plates containing ampicillin (100 mg/ml)
and chloramphenicol (25 mg/ml).
Again individual colonies were picked and first grown in 200 µl 2× YT broth containing
both ampicillin and chloramphenicol and then transferred to 5 ml cultures. Glycerol
stocks of the selected colonies grown in 200 µl 2× YT broth were also made. Successful
co–transformation was confirmed both via colony PCR and restriction digestion tests
followed by gel electrophoresis (chapter 8, section 8.2.1).
Now the 5 ml culture was scaled up to 500 ml flask cultures and incubated overnight at
37◦C in a shaking incubator for phage expression. After overnight growth the culture
was centrifuged (1000 g at 4◦C for 10 mins) to separate the bacterial cells (pelleted)
from the phagemid (supernatant). The supernatant was then incubated overnight with
3.5% PEG and 0.5 M NaCl at 4◦C to precipitate the phagemid, which was separated via
centrifugation (1000 g at 4◦C for 30 mins). The resulting pellet was resuspended in 10 ml
PBS.
Repeated cycles of centrifugation and PEG precipitation was carried out until a clear
supernatant is obtained containing only the phagemid, the final resuspension volume was
kept as low as possible (1 ml PBS) to obtain a concentrated sample. This was followed
by phenol–chloroform DNA extraction and ethanol precipitation.
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5.2.9 Chemical transformation
Chemical transformation is one way to introduce foreign DNA into a cell. Briefly
competent cells (bacterial cells with increased permeability to DNA after treatment with
calcium (Ca2+)) are incubated with the DNA of interest and subjected to heat shock at
42◦C for 30 seconds. This allows for passage of the DNA into the cells, which are then
grown out in nutrient rich medium at 37◦C as explained above.
In this thesis we use competent E.Coli cells (DH5α from NEB Inc, Ipswich, MA, USA to
transform our custom scaffold.
5.2.10 Miniprep protocol
Purification of the plasmid DNA was carried out using the Monarch plasmid miniprep
kit (NEB Inc, Ipswich, MA, USA). The procedure goes through the steps of cell
resuspension, alkaline lysis and neutralisation via addition of respective buffer solutions
provided in the kit.
Further centrifugation steps under high salt concentration in the spin column tubes binds
DNA to the silica matrix. This is followed by washing steps to remove RNA, proteins,
salts and other cellular components and final elution into a small volume storage buffer
for high concentrated high purity DNA.
Plasmid DNA scaffolds purified using this protocol resulted in hundreds of ng/µl in an 30
µl elution volume.
5.2.11 DNA origami design and folding
The DNA origami concentric squares used in chapter 8 were designed using the custom
made ssDNA scaffolds of 9073 bp, 8515 bp and 6307 bp whereas the DNA nanostructures
used in chapter 7 and DNA nanostructure carriers in chapter 9 were designed from 7249
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bp M13mp18 ssDNA from tillibit (Germany). The procedure for producing custom made
scaffolds is explained in detail in chapter 9 and in previous sections of this chapter. All the
complementary short staple strands for the respective nanostructure designs were ordered
from Integrated DNA technologies (IDT), Coralville, IA, USA.
Figure 5.6: Schematic of a) target structure b) placement of cylinder representing dsDNA
and the DNA origami routing as seen in caDNAno software c) DNA rendering illustrating
scaffold and staple crossovers created all throughout the structure thus resulting in a
stable structure.
All the nanostructures were designed using caDNAno software, first a scaffold strand
represented in black runs throughout the design back and forth progressing from one
helix to other so that it makes one of the two strands in every double helical domain.
This is done by envisioning the desired target with rod structures representing duplex
DNA. Then staple strands (different colors) complementary to the scaffold is derived with
respect to the scaffold routing. The staple sequences can then be easily exported through
the software for synthesis. The routing design for each nanostructure used in this thesis is
included in appendix B.
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In this thesis, the ssDNA scaffold mixed with a tenfold excess of the staple strands in the
folding buffer (10 mM TrisAc (pH 7.4), 10 mM MgAc and 1 mM EDTA (Sigma Aldrich,
USA)) was folded via thermal annealing where the sample mixture is initially heated to
95◦C and then cooled down to 20◦C in steps of 1◦C/minute.
5.2.12 Insertion of aptamer sequences
The DNA origami carriers used in chapter 9 includes a aptamer sequence containing a
modified end sequence with 5’ amine attachment. This was incorporated into the carrier
design in a second thermal annealing step (heat up to 35◦C and decrease 0.5◦C per minute)
or inclusive with the staples. Either way, folded frame DNA origami carrier with precise
insertion of aptamer was achieved. The sequences of the hCRP aptamers adapted from
Jarczewska et al. [84], Lee et al. [85], Huang et al. [86], and Piccoli et al. [87] and
nonspecific random sequences used in chapter 9 are as follows,
Specific hCRP aptamer 1 –16 bp anchor + 44 bp aptamer
NH2–AAGCCTTTATTTCAACGCCTGTAAGGTGGTCGGTGTGGCGAGTGTGTT
AGGAGAGATTGC
Specific hCRP aptamer 2 –16 bp anchor + 72 bp aptamer
NH2–AAGCCTTTATTTCAACGGCAGGAAGACAAACACGATGGGGGGGTATGA
TTTGATGTGGTTGTTGCATGATCGTGGTCTGTGGTGCTGT
Specific hCRP aptamer 3 –16bp anchor + 52bp aptamer
CGAAGGGGATTCGAGGGGTGATTGCGTGCTCCATTTGGTGTTTTTTTTTTTT
GCAAGGATAAAAATTT–NH2
Nonspecific random aptamer
NH22–CTGAACAAGAAAAATAGCAGAACTTACGAGCCAGGGGAAACAGTAAGG
CCTAATTAGGTAAAGGAGTAAGTGCTCGAACGCTTCAGA
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5.2.13 Sample preparation and AFM imaging in fluid
The DNA origami samples reported in this study were imaged in fluid as per the following
protocol. Firstly, mica surfaces were freshly cleaved using tape lift off and incubated
with 10 mM NiCl2 (10µl for 60 seconds). Excess NiCl2 was then removed and 20 µl
of samples prepared in the scanning buffer (10 mM TrisAc (pH 7.4), 10 mM MgAc and
1 mM EDTA) were immediately applied and incubated for 15mins. The mica surface
was topped off with 200 µl of the same buffer prior to imaging. For the DNA origami
carrier samples used in chapter 9 for CRP binding study, 2 mM CaCl2 was included to the
scanning buffer similar to the nanopipette translocation experiments.
The samples were imaged in tapping mode in aqueous fluid using a Dimension Fastscan
(Bruker, Santa Barbara, CA, USA). The images were captured with scan rates of 20 kHz
(256×256 pixels) using Fastscan D Si3N4 cantilevers containing a Si tip (Bruker, Santa
Barbara, CA, USA) with a nominal tip radius of 5 nm.
5.3 Nanopipette fabrication
The glass nanopipettes used in this thesis were fabricated from quartz capillaries with
filament (QF100-50-7.5) with outer diametre 1.0 mm , inner diametre 0.50 mm and 7.5 cm
length (World precision instruments, UK) via laser pulling using P2000 laser puller. The
laser pulling technique along with its principle is explained in detail in chapter 3. Briefly
nanopipettes with different pore sises were utilised according to the samples analysed, the
pore sise of the final pulled glass pipette depends on the different pulling parameters. For
detailed description of individual parameters please refer to chapter 3, section 3.2.2.
The tables 5.1 and 5.2 portray the pulling parameters utilised for obtaining ∼100 nm
quartz pipettes which are predominantly used throughout this thesis in chapter 7, 8 and
9. Parameters for obtaining ∼20 nm quartz and ∼180 nm borosilicate pipettes used for
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Table 5.1: Pulling parameters for quartz capillaries of 0.5 mm inner diametre and 1.0 mm
outer diametre, producing pore diametres of 80–100 nm.
HEAT FIL VEL DEL PULL
575 3 35 145 75
900 2 15 128 150
nanopipette characterisation studies in chapter 6 are provided in appendix A along with
all other tested parameters.
Table 5.2: Pulling parameters for quartz capillaries of 0.5 mm inner diametre and 1.0 mm
outer diametre, producing pore diametres of ∼100 nm.
HEAT FIL VEL DEL PULL
625 3 35 145 75
900 2 15 128 150
5.3.1 Ion current measurements
For the translocation experiments of DNA origami the nanopipettes with the working
electrode were filled with the translocation buffer (0.1 M KCl with 10 mM TrisAc, 10
mM MgAc and 1 mM EDTA) containing the DNA origami at a final concentration of 500
pM. For the DNA origami carrier–CRP binding studies 2 mM CaCl2 was also included
(chapter 9). The Mg is required to maintain the stability of the DNA origami, and the
Ca to match the buffer conditions used to select the DNA aptamers employed as binding
moieties. For linear and plasmid DNA samples the buffer used was 0.1 M KCl.
The grounded counter electrode was immersed in a 0.1 M KCl solution to complete
the circuit. On application of a negative potential to the working electrode inside the
nanopipette, DNA origami from inside the nanopipette are translocated out into the
electrolyte solution resulting in a modulation of the ion current. Ion current data were
acquired using an Axon instruments–patch clamp system (Molecular devices, USA).
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Measurements were recorded using the Axopatch 700b amplifier, and the data were
acquired at a rate of 100 kHz and 20 kHz low pass filtered.
5.3.2 Data analysis
Initial data analysis was carried out with a custom MATLAB script (provided by Prof
Joshua Edel, Imperial College, London, UK) and further data analysis was carried out
using ProFit (QuanSoft, Switserland). The MATLAB script is capable of picking out
individual events in a given ion current trace using defined thresholds, usually 7 standard
deviation and above of baseline noise. The baseline is traced via asymmetric least square
smoothing algorithm and fit determined by poisson probability distribution function. The
first and last data points above baseline for each event is taken as the start and end of the
event.
Individual events are then further processed to obtain event duration and event maximum
peak amplitude to generate scatter plots and histograms. The distributions are fitted using
gaussian probability density function. The ion current trace event data generated from the
MATLAB script was also exported in excel format for further data analysis and producing
plots and histograms with ProFIT software.
Figure 5.7: Raw ion current translocation trace (inverted) of a sample, with baseline
trace (blue) and threshold line (red), data analysis using MATLAB script shows a
threshold of 0.03 nA above which is counted as events.
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5.4 Surface plasmon resonance
Surface plasmon resonance (SPR) is a process that occurs when parallel polarised light
hits a thin metal film under total internal reflection. When a parallel polarised light
travelling from higher to lower refractive index medium changes its path (angle), at a
critical angle of incidence, the light does not leave the medium and reflects at the interface
of the two media. This is called Total internal reflection (TIR).
In the SPR situation, with the Kretshmann configuration, a thin metal film (usually gold)
is placed at the interface of the two dielectric media, a prism with high refractive index
medium and a low refractive index medium which can be air or the solution of interest.
The presence of a dielectric medium on top of the gold creates a special situation with the
Figure 5.8: Surface plasmon resonance theory explained in a schematic along with the
reflectivity and resonance.
photons causing evanescent waves and if the medium is of an opposite or higher dielectric
constant than the metal, the free electrons in the metal will fluctuate. And when the light
hits the gold at a particular angle of incidence the photon energy interacts with the free
fluctuating electron in the metal surface producing surface plasmons (electromagnetic
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surface wave). This is called surface plasmon resonance [229].
Thus under TIR when the energy of the light is ideal, the photons are converted to
resonating plasmons and there will be no reflecting light (a sharp decrease or ‘gap’ in
the reflected light intensity). Plotting the light intensity vs angle of incidence will result
in a dip at the specific SPR angle. The SPR angle is dependent on the refractive index
of the solution near the interface. Thus binding of molecules on the surface of the metal
film changes the refractive index which can also be measured as the change in resonance
angle.
In this project, aptamer–protein binding studies were carried out via an ESPRIT SPR
instrument from Metrohm Autolab B.V (Utrecht, The Netherlands). The ESPIRIT
configuration contains a replaceable glass disk with a thin layer of gold, placed on a
hemi cylinder prism coated with a thin layer of oil. For this, the end-modified aptamers
attached with an amine group were anchored onto the gold SPR surface functionalised
with a self-assembled monolayer (SAM) of C11PEG6COOH via EDC (1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide) NHS (N-hydroxysuccinimide) coupling chemistry.
The gold SPR surface from XanTec bioanalytics was cleaned by sonication twice in
acetone for 10 minutes and then immersed in an ethanolic 1mM SAM solution containing
5% acetic acid and allowed to stand at room temperature for 48 hours.
Following the incubation, the surface was rinsed with 100% ethanol, quickly dried with
nitrogen and was mounted on the SPR system. To attach the DNA aptamers to the gold
surface, the COOH–terminated SAM surface was activated with 50 mM EDC and 200
mM NHS in 100 mM MES buffer at pH 5.5 for around 15 min. The surface was washed
with the MES buffer, followed by a 30 minute incubation with 5 M of DNA aptamer
in 10 mM sodium acetate buffer at pH 5.5. Any remaining activated COOH sites were
quenched by exposing the surface to 100 mM ethanolamine in water for around 10 min.
The surface was then washed with the binding buffer (10 mM TrisAc, 10 mM MgAc, 2
mM CaCl2 and 1 mM EDTA in water) and then challenged with varying concentration
of human CRP as explained in chapter 9. The binding was measured as the change in
resonance angle.
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Chapter 6
Characterisation of Nanopipettes
6.1 Introduction
As per the aims explained in chapter 1, to translocate and study DNA origami molecules
via nanopipette, it is essential to fabricate nanopipettes with pore sizes capable of
translocating and detecting the samples with a good signal to noise ratio. Predominant
nanopore research indicates improvement in geometry of nanopore, electrolyte selection,
electrolyte concentration and applied voltage as important factors for improving the signal
quality of biomolecular translocations [208]. Particularly, controlling the shape, size and
thickness of nanopipettes is of critical importance as the behaviour and response of a
nanopipette is influenced by the geometry and also their surface chemistry [230]. Though
one could essentially reduce noise via electrical and vibrational shielding, this does not
contribute to the enhancement of ion current signal. Thus the pore size plays an important
role in high signal to noise ratio of the ionic current, specifically it is essential to obtain a
nanopipette pore diametre similar to that of samples in order to observe their translocation
through the pore.
This chapter describes the procedure for characterising the pore size of nanopipettes
filled with 0.1 M KCl electrolyte solution, which is the electrolyte used in this thesis.
The most convenient method to estimate the pore size of a nanopipette is through
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resistance measurements via voltammetry [231, 232], where the ionic current is measured
as a function of the voltage applied across the nanopipette. Alternative and more
direct measurements are through SEM and TEM, some researchers also make use of
simulations to supplement the characterisation of geometry and inner surface properties
of nanopipettes with high accuracy [151, 205, 230, 233].
Figure 6.1: Schematic of a nanopipette tip geometry representing pore size (d), outer
pore diametre (D), taper length (L) and inner pore angle θ.
Here, in the first instance different pulling parameters were devised as shown in appendix
B and direct SEM imaging was employed to confirm the nanopipette pore size obtained
for the respective pulling parameters. Once consistent and reproducible parameters for
particular pore sizes were established and confirmed via SEM, the geometric features
(pore size and outer pore angle) obtained from the same were used to check the resistance
calculations. This was done in order to utilise nanopipette pore resistance as a quick
means of pore size approximation.
This involved characterisation experiments with two pore sizes ∼20 nm and ∼200 nm,
fabricated from two types of glass capillaries quartz and borosilicate, including ion current
asymmetry and conductance studies. Later sections of this chapter involves preliminary
translocation studies involving simple DNA configurations, linear and plasmid, via the
∼20 nm pore nanopipettes.
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6.2 Nanopipette geometry
6.2.1 SEM measurement
As mentioned in the introduction, nanopipettes fabricated from quartz and borosilicate
capillaries through different pulling parameters were imaged by SEM, and after numerous
trials, programs with high reproducibility (¿ 90%) were identified for a range of pore sizes
(see appendix A). Figure 6.2 portrays representative SEM images of nanopipette pores for
the different pulling parameters used in this thesis.
(a) Borosillicate Pipette (b) Quartz Pipette (c) Quartz Pipette
Figure 6.2: SEM micrographs of representative borosillicate and quartz nanopipettes
with a) 183 nm, b) 17 nm and c) 88 nm diametre.
Though SEM of a nanopipette tip is the most common method for pore size determination
[218, 234, 235], it is a time consuming process. Also, imaging nanopipettes of pore
size <50 nm is challenging as the pipette constantly goes out of focus due to charging.
The charging can be minimised by coating the nanopipette tip with a thin layer (few
nanometers) of conducting material e.g. gold, but for nanopipettes of small pore size (20
nm and below) this is problematic as the metal layer significantly affects the observed
pore size.
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6.2.2 IV measurements
Thus as an alternative, we turned to pore size verification through pore resistance
calculation as a more convenient and quicker means to determine the geometrical features
of the nanopipette tip. As one glass quartz capillary produces two identical nanopipettes,
one was used for pore size determiniation via SEM (Ds) while the other was used for
determining the pore size through electrochemical means (Da), figure 6.3.
Thus it was possible to test the reproducibility of the nanopipette fabrication parameters
and also establish if, the electrochemical measurement could be used to approximately
determine the pore diametre and subsequently to select the right sized nanopipettes. Two
sets of pulling parameters that produced a small ∼20 nm and larger ∼200 nm pore sized
pipettes (figure 6.2) were chosen for this purpose.
Figure 6.3: A schematic showing one twin of the nanopipette being directly imaged via
SEM (Ds)and the other used for pore resistance calculation via IV measurement (Da).
The two nanopipettes fabricated from the same capillary is then compared.
Obtaining nanopipette pore size via IV measurements relies on the pore radius and inner
angle as shown in equation 6.1, adapted from Actis et al. [3].
Rp ∼=
cot[αinner
2
]
κpiri
(6.1)
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Where Rp is the pipette resistance, ri the inner pipette radius, κ is the solution conductivity,
and αinner is the inner nanopipette cone angle. The conductivity of 0.1 M KCl of 1.278
S/m is used.
Additionaly, as SEM imaging of the nanopipette pore opening does not provide full details
on the lumen of the nanopipette inner wall especially for small pore sized nanopipettes,
indirect ways to calculate nanopipette inner features consider the ratio of outer to inner
pore diametre remaining constant at the pore opening. Thus the outer nanopipette angle
estimated from SEM images is used to calculate the inner pipette angle through equation
6.2, adapted from Perry et al. [230].
tanαinner =
tanαouter
ro/i
(6.2)
Where, αinner is the inner pore angle and αouter the outer pore angle. ro/i is the ratio of
outer to inner pore radii.
The outer pore angle calculated for the quartz (∼20 nm) and borosilicate (∼200 nm)
pipettes were ∼14◦ and ∼28◦ respectively. The nanopipette resistance (Rp) can also
be estimated by inputting the pore parameters, or the pore size could be calculated by
inputting the pore resistance from IV measurements (Ra), using equivalent equations
adapted from [206, 236, 237].
For our experimental purpose a batch of 18 borosilicate and 18 quartz capillaries pulled
using different pulling parameters at a time were used to test the above equation and to
validate the consistency of the fabrication procedure. The nanopipettes were imaged by
SEM to evaluate the inner and outer diametre and outer pore angle. The values were
equated to ultimately determine the pore resistance Rp of the pipette as per the equations
6.1 and 6.2. Pore resistance, Ra was obtained via IV measurements of the pipette in
electrolyte solution using the patchclamp amplifier (Axopath 700b) through an inbuilt
measurement procedure. The two values Rp and Ra were then compared to establish if
the electrical measurement which yield Ra, could be used to approximately determine the
pore diametre and vice versa.
Chapter 6. Characterisation of Nanopipettes 92
Figure 6.4: Graph showing the correlation between pore resistance and pore diametre
for a) borosilicate (n=18 and Ra = 180±16.4 MΩ), b) quartz (n=18, Ra = 36.1±5 MΩ)
nanopipettes fabricated using parameters as outlined in appendix A. The inset shows the
correlation between the measured and calculated pore diametre, Ds and Da respectively.
The dotted lines represent least square fits of a first order polynomial to the data.
This was achieved by plotting Ra against Ds as shown in figure 6.4. It can be seen that
the pore diametres (Da) back–calculated via the equation 6.1 by substituting the pore
resistance values (Ra) from the electrical measurements is in line with the pore sizes (Ds)
measured via SEM for both pore sizes. The inset of the figures indicate the pore diametre
values (Da and Ds) plotted against each other showing a good correlation for both quartz
and borosilicate nanopipettes. It could be observed that for the borosilicate nanopipettes
the calculated and measured diametres are almost identical, on the other hand for quartz
nanopipettes, which have a much smaller pore diametre, the calculated and measured
diametres are not identical.
Nevertheless, they are linked in a linear relationship and therefore the actual pore diametre
can accurately be estimated via the electrical measurements. With the correlation between
Da and Ds established, the equation was used to estimate the nanopipette pore diametre
using Ra. The graphs 6.4a and b also indicate that quartz nanopipettes of pore size
∼20–35 nm exhibit a pore resistance (Ra) of 180±16.4 MΩ and borosilicate nanopipettes
with 36.1±5 MΩ resistance (Ra) fall into a pore size range of ∼190 to 250 nm diametre.
Thus, the electrical measurements form a solid basis for estimating the pore size and if in
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doubt was always confirmed under SEM.
6.3 Nanopipette properties
6.3.1 Ion–current rectification
These different–sized nanopipettes filled with 0.1 M KCl, also exhibited different ion
current properties. Here, with the glass nanopipettes exhibiting a negative surface
charge under the experimental condition, a very slight ion–current rectification or more
of an asymmetry in the ion current is observed with respect to the direction of the
bias for the nanopipettes which can be seen in the figure 6.5. Ion–current rectification
in glass nanopipettes has been attributed to the charged surface and asymmetric tip
geometry. When the pore size is comparable or less than the DDL for a particular
electrolyte concentration, the uneven electrostatic potential due to the conical shape on the
nanopipette tip has been used to explain the rectification [181] (chapter 3 for detailed DDL
and surface properties of nanopipettes). This can be quantified through the rectification
ratio r [3] defined by equation 6.3.
r =
I−
I+
(6.3)
Where I− is the ion–current at the given negative voltage and I+ the ion current at the
same positive voltage. With our 20 nm quartz and 200 nm borosilicate nanopipettes we
show a rectification ratio of 1.28±0.4 and 1.07±0.2 respectively, indicating an increased
current in the negative voltage bias. This is consistent with other studies using similar pore
size pipettes [238, 181]. While the rectification in 0.1 M KCl typically with 1 nm DDL
[3] makes it negligible in larger pore sizes of 100 nm and above, for smaller pore sized
nanopipettes of few nanometers, the DDL influences the assymetric ion current which in
turn affects the ion flux and conductance. This can be seen clearly from the I–V graphs in
figure 6.5 for ∼200 nm and ∼20 nm borosilicate and quartz nanopipettes.
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Figure 6.5: Representative I–V plots of average of 18 a) borosilicate and (b)
quartz nanopipettes represented by blue lines highlighting that both nanopipettes
exhibit ion–current asymmetry; the insets represent the derivatives (dI/dV) graph for
current–voltage curves.
This ion current asymmetry also affects the indirect pore diametre calculation as reported
in previous studies [230], as the pore resistance calculation does not take into account
potential asymmetries in the I–V characteristics or even ion current rectification. This is
evident from the I–V graphs (figure 6.5), for larger borosilicate pipettes the I–V curve
is almost linear with only a slight ion current asymmetry and thus the pore resistance
equation results in a pore size that is comparable to the pore size measured by SEM. But
as the pore size decreases the calculation could not be associated to pore size with high
correlation with respect to inner pore angle and ion–current asymmetry and it generates a
slightly larger pore size than what is found through SEM. Nevertheless, this only results
in a systemic error and therefore correctable.
6.3.2 Ion–current conductance during DNA translocation
Thus the transport of ions through the nanopipette is dependent on the surface charge of
the nanopipette and the conductance is influenced by the ions and counterions in the pore.
And during translocation of a biomolecule, the nanopipette conductance is governed by
two factors.
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Briefly, the nanopipette pore blockage due to the physical presence of the sample
will cause a decrease in the flux of ions available for transport, this is called the
geometric exclusion effect. At the same time the presence of a charged molecule
(DNA) will introduce additional counterion charge carriers into the ion flux in addition
to the counterions on the nanopipette surface. Thus the conductance change G can be
represented as a combination of bulk ions and counterions as explained by Smeets et al.
[207], given in the equation 6.4 below .
G =
1
LPore
[
−pi
4
d2DNA(µK + µCl)nKCle + µ
∗
kq
∗
lDNA] (6.4)
Where LPore is the length of the pore, dDNA is the diametre of the DNA sample, µK and
µCl are electrophoretic mobility of the respective ions moving with the DNA and q∗lDNA
is the effective DNA charge per unit length, nKCl is the number density of potassium or
chloride ions, e is elementary charge.
Studies also show that the surface charge on the nanopipette walls along with the charged
DNA induce a cloud of positively charged counterions and the magnitude of this ion
concentration near the pore tip changes with respect to the position of the DNA in the
nanopipette [198]. Thus the conductance change and shape of the ion current during
translocation can be represented as a combined effect of bulk ions and counterions
shielding the surface charge.
For high electrolyte concentrations the first term in equation 6.4, the ion carriers in the
bulk solution, dominate the ion current resulting in G <0 but for low KCl concentrations
the counter ion charge carriers dominate thus increasing the ion current (G >0). This is
observed in the representative ion current trace below and all throughout the experiments.
Figure 6.6 shows an ion current trace (∼100 s) of 3.5 kb linear dsDNA molecule
translocating from inside the nanopipette of ∼20 nm pore size in 0.1 M KCl at −300
mV. With our nanopipette experimental setup with respect to DNA samples, an applied
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Figure 6.6: A representative ion-current trace for a 3.5 kb dsDNA sample translocating
a ∼20 nm pore with pore resistance of ∼180 MΩ, exhibiting current enhancement in 0.1
M KCl at −300 mV applied voltage. The baseline current represents the flow of KCl ions
and the individual events represent dsDNA molecule passage one at a time. The zoom
in of an individual ion current peak shows the translocation time or dwell time and peak
amplitude using which the biomolecules are characterised.
positive voltage to the electrode inside the nanopipette does not result in events, but a
negative voltage drives the negatively charged DNA molecule towards the nanopore. As
could be seen, this results in an absolute increase of ion current upon translocation of
DNA molecules.
This observation is in agreement with previous studies [28, 29, 207, 239] involving
translocation of dsDNA through nanopores reporting a decrease or increase in ion
current conductance with regard to the concentration of electrolytes. In particular, salt
concentration dependent conductance studies [207] shows that there is a gradual change
in ion current from blockage to enhancement with a crossover point at KCl concentration
of around ∼300 mM. Recent studies by Wang et al. [240] also show that this cross
over concentration is much lower (∼100 mM) for bundled DNA nanostructures than that
observed for linear dsDNA.
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Thus the increase in ion current (amplitude) and the time taken for events to occur (dwell
time) is used for ascertaining the characteristics of the sample biomolecules as shown in
the next section.
6.4 Ion–current measurements
Initial translocation studies were conducted with 3.5 kb linear and 4.7 kb circular
(Green fluorescent protein plasmid (GFP) [241]) DNA configurations, this allowed
for the estimation of variables like appropriate voltage required for translocations and
concentration of samples needed to achieve a good capture rate before moving on to
folded DNA origami structures.
For this, nanopipettes of ∼20 nm pore size was used and experiments were performed
by addition of samples in 0.1 M KCl into the nanopipette with the translocation direction
from inside to outside unless stated otherwise. Upon translocation, it was observed that
depending on the DNA sample size and conformation, a magnitude of current blockage
and translocation dwell time is produced. This could be observed from the data analysis
of the ion current events of the two samples.
The circular plasmid with higher basepair length exhibited a higher peak amplitude and
dwell time of 69±19 pA and 0.13±0.1 ms than that observed for linear DNA (47±14 pA
and 0.11±0.04 ms) as seen in the figure 6.7. This could be explained through the different
ion and counter ion distributions in the nanopipette due to the varying conformation of
linear and circular DNA samples in solution combined with their size differences. Thus
the two samples were detected and differentiated via their significantly varying peak
amplitude.
Also, the ion current signal observed for the biomolecules is with respect to the nanoipette
pore size, i.e., translocation of linear and plasmid DNA in ∼200 nm pore nanopipettes
resulted in very low or no ion current events when compared to the 20 nm pore. Further, a
final sample concentration of about 500 pM inside the nanopipette was found to be ideal
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Figure 6.7: Single entity detection, The histograms represent the peak amplitude and
dwell time for a) linear DNA molecule (3.5 kb) and b) 4.7 kb circular DNA obtained upon
translocation via ∼20 nm pore size nanopipettes with pore resistance ∼186 MΩ. The
data represents >80 events for each sample.
for translocation without clogging the pipette, also, while a negative voltage bias of 200
to 250 mV is sufficient for occurrence of events, negative 300 to 350 mV is appropriate
for obtaining good number of events within a short recording time (2 minutes).
Next, the effect of sample concentration and applied voltage on ion current was studied
using plasmid samples, for this, increasing concentrations of GFP plasmids (from 10 to
500 pM) were translocated at a constant applied voltage (−350 mV). The observed ion
current trace presented with a steady increase in the number of events with respect to
sample concentration as shown in figure 6.8a and b and exhibited a constant dwell time
of 0.12±0.1 ms.
Alternatively application of increasing voltage to a fixed sample concentration (500 pM)
also presented with increased event capture rate and enhanced event signal. It can be
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Figure 6.8: Effect of concentration and voltage on ion current translocation. a) Ion
current traces for increasing concentration of circular DNA samples indicating increase
in events with b) constant dwell time as shown in the histogram. c) Increase in applied
voltage increases peak amplitude. d) individual histograms of peak amplitude for varying
voltages, n>40. The nanopipettes used exhibited a pore resistance of ∼180 M Ω.
observed from the peak amplitude histograms (Figure 6.8d), the mean amplitude slowly
shifts from 41±11 pA for−200 mV to 55±13 pA for−300 mV and 65±15 pA for−400
mV indicating occurrence of events with higher peak amplitude. This voltage dependent
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increase in ion conductance is also in agreement with previous linear DNA translocation
studies [29] and could be explained due to the predominent electrophoretic force upon the
negatively charged DNA backbone [242].
6.5 Conclusion
This chapter covered the detailed characterisation studies performed to confirm the pore
size of nanopipettes fabricated using particular pulling parameters. It was demonstrated
that IV measurements provide a quick and reliable approximation of the nanopipette pore
size and SEM visualisation could be used to confirm the same. The pore sizes estimated
were in good agreement with SEM and different sized nanopipettes pulled via various
parameters could be easily characterised for pore size with high accuracy.
In particular, a pore resistance of approximately 180±16.4 MΩ represents pore size from
∼20–35 nm and 36.1±5 MΩ resistance is for pore size range ∼200 to 250 nm diametre.
The study also showed that it is important to choose nanopipette pore sizes in accordance
to the sample to be detected in order to actually detect the sample other than to enhance
signal to noise ratio. Specifically, while 20 nm sized pipettes were sufficient for detecting
both linear and plasmid DNA samples with good signal to noise ratio, the samples were
very small to be detected with the larger 200 nm pore sized pipettes.
The 20 nm nanopipettes were successfully used to translocate, detect and differentiate
linear and circular DNA samples via the ion current characteristics, peak amplitude and
dwell time. In that, the linear DNA sample presented with ∼47 pA amplitude and the
larger plasmid DNA showed an increasing∼69 pA, whereas the dwell times observed for
both the DNA samples were similar 0.11 ms and 0.13 ms respectively.
The pipettes were subsequently used to translocate different concentrations of plasmid
DNA samples and their respective ion currents analysed. While dwell times for the
different concentration were similar, the capture rate showed significant difference
with increasing number of events in relation to the sample concentration. Similarly
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translocation at different voltages while keeping the sample concentration constant
revealed an increasing ion current amplitude with difference in the ion current mean.
Thus the experiments in this chapter helped to confirm that I–V voltammetry can
be reliably used to correlate pore resistance with pore size using our setup and also
evidenced the ability of nanopipettes to detect and differentiate different biomolecules.
The preliminary translocation studies also provided an estimation of appropriate sample
concentration (∼500 pM) and voltage bias (−350 mV) required for translocating the
samples with an ion current signal discernible from the background noise.
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Chapter 7
Single Molecule Analysis with Nanopipettes
7.1 Introduction
In the previous chapter successful translocation of linear and circular DNA molecules
through glass nanopipettes was demonstrated, this was important for proof of concept of
biomolecular translocation using the nanopipette setup and for initial characterisation.
Moving forward, this chapter focuses on the next aim of the thesis, to study larger DNA
molecules translocation, particularly DNA origami. These nanostructures, as opposed to
circular and linear DNA that tend to form random coils in solution [243], are designed to
be structurally defined (see chapter 2) thus resulting in a rigid geometry .
Figure 7.1: A schematic
representation of the nanopipette
for translocating ‘Frame’ (left)
and ‘Tile’ (right) DNA origami.
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Translocation of such DNA nanostructures through nanopores has been recently
investigated. In particular, the differentiation of DNA cubes from RNA rings was
demonstrated using variations of the peak dwell time and the peak ion current through
a 50 nm silicon nitride nanopore membrane [244]. Similarly, nanopipette detection of
double helix concatamers examining the translocation dwell time to extract information
on sample length and folding state was demonstrated [245]. Further work using
DNA origami as a molecular breadboard to isolate nuclear pore complexes enabled the
differentiation between wild type and mutant forms by analysis of their characteristic ion
current traces [246].
However, despite these remarkable successes, the relationship between the structure of
the DNA origami and the corresponding ion current during translocation remains largely
unexplored which hinders the adoption of these nanostructures for various nanopipette
applications like as carriers and unique identifiers. In the following sections differently
structured DNA origami samples are studied in relation to their ion current signature for
the above said purpose utilising two structures, frames and tiles as shown in figure 7.1.
Herein, the DNA origami translocation data is discussed using traditional methods of
analysing ion current measurements, i.e., through dwell time and ion current amplitude,
but also the importance of ion current structure and its correlation with sample geometry
is discussed in detail which would be the basis on which this study is built on.
7.2 2D DNA origami analysis
Four different DNA origami samples of similar size assembled using the same 7249 nt
M13mp18 ssDNA as scaffold were investigated via nanopipette translocation experiment
to understand, if the structural differences in DNA origami correlated with the ion current
signals. The four origami designs, two frame structures (F1 and F2) and two solid tile
structures (T1–plain tile and T2–same as T1 tile but with 44 additional protruding loops
on one side), were formed through different folding of an identical ssDNA scaffold in
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the presence of >200 pooled short staple oligonucleotides as explained in chapter 5.
Importantly, the plain tile and frame DNA structures differ only in geometry and not their
constituent sequence, and as a consequence their charge and molecular weights remain
identical, hence any differences in the observed ion currents are directly related to the
structural variation of the DNA origami and not a change in mass or charge.
Figure 7.2: AFM images of the different DNA origami structures, showing a range of
uniformly formed structures along with an individual representative AFM scan of both
frame and both tile DNA origami. a) Frame DNA origami F1 and F2 with the internal
(In) and external (Ex) dimensions indicated. b) Tile DNA origami T1 and T2 with external
dimensions indicated. The scale bars for all images are 20 nm.
The successfully folded structures were resolved in a 0.5% agarose gel (appendix C figure
C.17). The folded rigid structure can be seen as a distinct band running slightly above the
m13mp18 scaffold run as a control in the second lane. The gel electrophoresis also shows
the successful purification of the folded structures from excess staple oligonucleotides,
seen at the bottom of the lane, via S400 size exclusion columns (chapter 4). The
purified successfully assembled DNA origami structures were then imaged through AFM
as shown in figure 7.2. From the AFM image the folding efficiency was estimated
about 70–80% for the various structures. The observed sizes were found to be in
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excellent agreement with the designed dimensions for both frame and tile origami. F1
is approximately 80×80 nm with an internal cavity of 40×40 nm, and F2 is 80×100 nm
with a 40×60 nm internal cavity (Figure 7.2a). In comparison, both DNA tile designs
(Figure 7.2b), T1 and T2, are approximately 40×40 nm. The different routing designs
employed for formation of these structures are provided in appendix B.
Figure 7.3: a) IV characteristic for a set of 10 quartz pipettes with 76±10 MΩ pore
resistance (80–100 nm) pulled using parameters in chapter 5, the inset shows a histogram
for pore size data fitted with a Gaussian curve and b) shows a SEM micrograph of one
representative nanopipette pore size pulled using the same parameters.
For translocation studies, nanopipettes with pore sizes in the range ∼100 nm were
fabricated, to closely match the DNA origami sample size utilised in this chapter
and following chapters 8 and 9. The pulling parameters established via the SEM
characterisation study from chapter 6 (tabulated in table 5.1 in chapter 5) resulted in pore
sizes 93±4 nm, as perceived from the histogram shown in inset of figure 7.3a, which
represents a batch of 10 pipettes pulled on the same day. Pore size estimation via pore
resistance in comparison with SEM images were also in good correlation (appendix C,
figure C.18) and the IV curves as shown in the figure for the respective pore sized pipettes
also provide further evidence of consistency. It was found that pore sizes of nanopipettes
pulled on different days slightly varied, but the distribution range remained consistent
between few tens of nanometers with 76±10 MΩ pore resistance.
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7.2.1 Differentiating 2D DNA origami
The nanopipettes were filled with a solution of 0.1 M KCl containing 500 pM of the
DNA origami. Similar to previous chapter 6 involving dsDNA, for a 500 pM sample
concentration a voltage of−350 mV applied between the electrode inside the nanopipette
and the electrode in the surrounding electrolyte translocated the origami through the
nanopore causing a temporary increase in the absolute value of the ionic current. This
increase in ion current is in agreement with linear DNA and plasmid samples in chapter
6 and existing literature [240]. Figure 7.4a shows examples of ion current traces
representing more than 90 single molecule events obtained for each of the DNA origami
structures, and figure 7.4b shows a selection of zoomed–in current peaks for the different
origamis i.e., F1, F2, T1 and T2.
Interestingly, noteworthy differences were oberserved between the respective peak current
amplitudes and dwell times of the translocation events of the four origami samples. From
Figure 7.4c , which displays the frequency of observed peak ion current amplitudes for
the different origamis, it can be seen that the ion current observed during the translocation
of F2, which is slightly larger in dimension than F1 (100×80 nm vs 80×80 nm), exhibit a
higher mean absolute current amplitude of 59±15 pA compared to 37±10 pA. In contrast,
both the solid tile origami T1 and T2 show a higher mean absolute current amplitude of
65±11 pA and 75±10 pA, respectively, than either of the frame origami structures.
This may suggest that the counterion distribution of the tile origami during translocation
differs from that of the frame origami, thus increasing ion flux and respective current when
compared to their frame counterparts. The small difference in current amplitude between
T1 and T2 might stem from the fact that T2 contains additional DNA loops on its surface
which may impact the counterion distribution and thus lead to a further increase in ion
transport during translocation. Considering that F1, F2 and T1 DNA origami are formed
from the same ssDNA scaffold and hence possess the same charge, it is noteworthy that
the geometry of the origami appears to play an important role in the translocation ion
current and thus can be differentiated via peak amplitude averages.
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Figure 7.4: a) Ion current recordings for each of the frame and solid tile origami samples
via nanopipettes with ∼82 MΩ resistance. The data consists of at least 100 events each.
The recordings are of approximately 100 seconds in duration, sampled at 100 kHz and
low–pass filtered at 20 kHz to remove high–frequency noise. b) Representative selection of
current peaks observed for individual translocation events for the frame and tile origami.
Dwell time and peak amplitude histograms depicting c) frequency of observed peak
currents and d) dwell times for each origami. The solid lines represent Gaussian fits,
from which the respective mean peak currents and dwell times are obtained. e) Colour
maps, displaying the frequency of events with different current amplitudes vs dwell times,
revealing that wider distributions are observed for the frame origami compared to the tile
origami.
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These results corroborate the results of a recent study by Alibakhshi et al. wherein the
ability of silicon nitride nanopores to differentiate ring–shaped RNA and cube–shaped
DNA nanoparticles using similar means was demonstrated [244]. Similar to the
differences in mean peak current amplitude, significant differences in the dwell times
of the translocation events of the different DNA origami were also observed. The mean of
the observed dwell time for both T1 (0.08±0.04 ms) and T2 (0.07±0.03 ms) are slightly
smaller than that of the frame origami F1 (0.10±0.09 ms), and much smaller than that of
frame origami F2 (0.21±0.07 ms). The dwell time provides an indication of how long the
DNA origami spends in the nanopore, and can therefore be used and an indicative measure
of the speed of translocation. Hence, the mean dwell times of the different origami suggest
that the tiles travel through the nanopipette opening faster than both frames.
Also, the distribution of dwell times observed for the different DNA origami structures
are significantly narrower than those found in previous studies with DNA nanostructures
[244], DNA concatemers [245], and DNA origami [246] where prolonged dwell times
were reported. However, the nanopores employed for this work differ significantly from
the ones in the cited studies and hence the results are not directly comparable.
7.2.2 Frame origami Ion current signature
In addition to the differences in mean current peak amplitude and dwell time between
the different DNA origami, it can be seen from the selection of current peaks shown
in figure 7.4b that a distinct difference in peak shape is observed between the frame
and tile origami. These results suggest that perhaps the peak shape can be used as a
unique fingerprint of the origami to deduce small structural changes between differently
folded DNA origami. Here, the tile origami was found to produce a single peak upon
translocation, as would be expected for a single entity passing through the nanopore.
However, where the frame structures were translocated, a characteristic double peak, or
W–shaped peak, was observed. The absence of such double peaks in any of the tile
origami samples suggests that the double peaks are characteristic of the frame structure,
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and likely specifically of the presence of a cavity in the structure’s centre. Figure 7.5
portrays an array of representative peak shapes obtained from translocation events of the
frame and tile origami .
Figure 7.5: Array of single and double peak ion current signatures observed for tile and
frame samples represented in the top and bottom rows respectively.
References to double or multiple peaks within a single event have been reported in
previous studies. In that, Zhang et al. show multiple peaks including double peak for
Au nanorod sample translocation due to the tumbling motion or rotation of the individual
structures during translocation [247]. Another example for multiple peak observance is
reported by Steinbock et al. and Maglia et al. [248, 96] for long linear DNA samples. In
these reports the multiple peaks are because of the different states in which the DNA pass
through the nanopore due to random folding.
The multiple peak occurrences in the above mentioned studies are arbitrary and vary
from event to event perhaps depending on the orientation of the molecule in question as
they translocate the nanopore. However, the double peak like structures observed in this
study are consistent throughout most of the events, and a third or multiple peaks was
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not observed for any of the samples. Also the absence of double peaks for the solid tile
further strengths the argument to attribute double peak observance to the geometry of the
nanostructure itself. Table 6 in appendix B, shows the number of double peaks observed
for F1 and F2 frame DNA origami to be 50 to 60%, whereas T1 and T2 exhibit >94%
single peaks only.
Dwell time analysis of frame origami
Moreover, translocation of F1 DNA origami was investigated at different translocation
voltages −250 mV and −300 mV in addition to the −350 mV reported above. Figure 7.6
shows a number of different translocation peaks of the sample at different translocation
voltages, and it can be seen that double peak structures are observed for all investigated
translocation voltages. The dwell times of the individual translocation events are indicated
in the panels, and a notable increase is observed with decreasing translocation voltage.
This is corroborated by the frequency plots of events vs observed dwell time for the
different translocation voltages (figure 7.6b). Given that the translocation of the DNA
origami is driven by the applied voltage, it can be expected that the translocation speed
decreases with voltage and therefore the origami will spend more time in the nanopore,
resulting in an increase in observed dwell time. Similarly, the number of observed events
per unit time decreases with applied translocation voltage, and while at a translocation
voltage of −250 mV still a significant number of events is observed, at −200 mV, no
translocation events were registered.
In contrast, increasing the translocation voltage to greater than −350 mV resulted in
very high translocation speeds and consequently a rapid flux of DNA origami through
the nanopipette pore leading to clogging of the pore and eventually termination of
the transport. The slower translocation speed at the lower translocation voltages is
also expected to improve the ability to resolve potential double peaks, and this is
indeed reflected in the data, where more prominent double peaks are observed at lower
translocation voltages, figure 7.6a.
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Figure 7.6: Frame DNA origami dwell time analysis using nanopipettes exhibiting ∼79
MΩ pore resistance. a) Representative set of translocation current peaks for frame
origami F1 at different applied voltages. The dwell times of the different peaks are
indicated in the figure. It can be seen that double peaks are observed for all applied
voltages. b) Frequency of dwell times for translocation of frame origami F1 at different
voltages; a wider distribution of dwell times is observed at lower translocation voltages,
and an increase in the frequency of events is observed with increasing translocation
voltage.
7.2.3 Double peak analysis
Interestingly, the shape and composition of the double peaks were also found to differ for
the two different frame origami F1 and F2. Figure 7.7 shows the distribution of the dwell
times of the two constituent peaks P1 and P2 of the characteristic double peaks observed
during the translocation of frame origami. While the dwell time for P2 is similar for
origami F1 and F2, the dwell time of peak P1 for frame F2 is twice as long as that of P1
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for frame F1.
Figure 7.7: Lag time analysis of the double peaks of the frame DNA origami translocated
through nanopipettes with ∼84 MΩ. a) Frequency plot of the individual dwell times
for individual peaks P1 and P2 for F1 (top panel) and F2 (bottom panel); the insets
show a typical double peak with peak 1 and peak 2 dwell time indicated, respectively. b)
Frequency plot showing the number of observed translocation events with different lag
times for frame origami F1 (top) and F2 (bottom); the inset depicts the lag time between
peak 1 and peak 2 of a typical peak. The solid lines represent Gaussian fits to the data,
and the observed mean values as extracted from the fit are given in the individual panels.
The data represents >80 events for each analysis.
Furthermore, the lag time between the two constituent peaks P1 and P2, determined by
the time difference between the occurrence of the maxima of the two peaks, has been
measured and the results for both frames are shown in Figure 7.7b. Given that the
occurrence of the double peak is linked to the frame–like shapes of the DNA origami,
it can be argued that the double peak arises as a consequence of the passage of one arm of
the frame through the nanopipette pore, giving rise to P1, followed by the central cavity,
and finally the other arm of the frame, giving rise to P2.
Therefore, the lag time between P1 and P2 would be related to the dimensions of the
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internal cavity of the frame. Indeed, the lag time for frame F2 which has a central cavity
of 60×40 nm is almost twice as long as the that of F1 which has a smaller central cavity
of 40×40 nm.
Moreover, in addition to an overall longer lag time, the distribution of observed lag times
for F2 (0.23±2%) is significantly broader than that for F1 (0.12±2%). This may be a
consequence of the symmetry of the central cavity. F1 has a symmetrical central cavity
(40×40 nm), resulting in a tight distribution of double peak lag times as the relevant cavity
dimension is independent of the orientation with which it travels through the nanopore.
In contrast, F2 has an asymmetric cavity (40×60 nm) which would give rise different lag
times depending on the direction of travel and hence to a broader distribution of lag times.
7.3 Conclusion
Here, the ability of glass nanopipettes to detect structural differences between different
DNA origami, in particular to distinguish different 2D origami structures (frame from
tile) is demonstrated, which shows that nanopipettes can be employed as a highly sensitive
detection tool to analyse individual molecules.
Specifically, it is shown that both the dwell time as well as the amplitude of the ion current
peak can be used to differentiate nanostructures of different types, which is in line with
previous studies. In addition, it is demonstrated that the structure of the peak can be used
to distinguish different DNA origami structures.
The observation that the ion current peak structure holds sufficient information to be
correlated to a particular DNA origami structure was established through the investigation
of different frame and tile DNA origami structures, i.e., the frame DNA origami led to
a characteristic double peak, while the solid tile origami only led to single peaks in ion
current.
Furthermore, preliminary evidence that the shape and composition of the double peak and
the individual constituent peaks are related to the dimension of the frame and in particular
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that the lag time of the two constituent peaks varies with the dimension of the central
cavity of the frame is put forward. This suggests that the ion currents observed during
the translocation of DNA origami through nanopipette pores can be used to distinguish
not only coarse structural differences (frame from tile) but also more subtle variation in
relation to the central cavity.
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Chapter 8
Double Peak Analysis using Concentric Squares
8.1 Introduction
As indicated in the previous chapter nanopipettes are capable of detecting and
differentiating subtle geometric differences between DNA origami structures, it was also
observed that the frame DNA structure has a characteristic ion current signature in relation
to its central cavity. Therefore, in order to exploit the central cavity signature for further
applications, it was first necessary to define the relationship between the ion current peak
structure and cavity size. This was achieved via translocation studies of a set of rationally
designed nanostructures, which will be the objective of this chapter. Till the previous
chapters, the approach to deriving these different nanostructures required the rerouting of
the same 7249 nt ssDNA scaffold in order to create a central cavity within the design. As
such, the entire geometry and all the dimensions of the DNA nanostructures used were
different between solid and frame–like designs.
However, to validate and demonstrate the potential of the double peak characteristics,
frame DNA nanostructures with specific geometries were required in order to establish
the geometric influence on translocation ion current. To this end, this chapter will first
elaborate the steps for designing and assembling DNA origami structures with specific
fixed geometry via custom made scaffolds. Three different lengths of scaffolds were
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produced to design three nanostructures in a way that they resembled a nested square, i.e.,
while the outer length and width remained constant only the inner frame window differed,
figure 8.1.
Figure 8.1: Schematic of concentric square design, the DNA frames were designed to
have the same outer dimension and varying cavity size.
Later sections in the chapter will include nanopipette translocation studies of the
constructed concentric square nanostructures and subsequent analysis to test if the double
peak ion current could be influenced through the frame dimensions especially the size
of the cavity. This systematic study will also be used to determine the sensitivity of the
nanopipette to detect the central cavity, as such a limit of detection for the double peak
occurrence.
8.2 Custom scaffold production
Many DNA nanotechnology applications requires DNA origami structures made from
different lengths of scaffold DNA apart from the commercially available scaffold. The
ability to produce custom scaffold sequences is of great benefit to the design process,
for example, it allows for creation of larger structures, provides better control over the
final size and shape and control of basepair placement at specific locations within the
structure. A variety of enzymatic methodologies are available that enable production
of custom–made scaffolds, including rolling circle amplification of a circular template
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[249, 250], site specific mutagenesis [251] or nicking and sequential digestion of one
strand of a plasmid [75]. Though these methodologies offer sequence customisability,
production yield and scale up is difficult due to the many enzymatic processing steps.
On the other hand, large scale production of ssDNA using filamentous bacteriophages
along with fast multiplying E.coli cells as host is another way of producing custom
scaffolds [252]. Filamentous bacteriophages like M13 are bacteria–specific viruses that
can package and transport their single stranded genomes into rod–like particles with a
protein coat. These phages can be separated from the culture media and the ssDNA
purified via molecular biology techniques. However, sequence customisability in the
M13 phage is limited because most of its genome (<6 kb) contains protein coding and
regulatory sequences that cannot be easily altered without hindering phage growth.
Alternatively, phagemids, engineered vector that contains plasmid and M13 components,
are an efficient way to produce ssDNA. Phagemids contain two replication origins, a
standard plasmid origin and the other derived from M13 that is essential for ssDNA
sysnthesis but lacks the enzymes and proteins required for ssDNA packaging and
production. Thus the cells containing custom phagemids must be co–infected with helper
phage or co–transformed with a helper plasmid for successful production of ssDNA [253],
and are ideal for sequence customisation. Helper plasmids and phages usually are devoid
of origin of replication or contain defective packaging signals, this allows for preferential
packaging of phagemid and also prevents helper DNA from being packaged. Successfully
packaged phagemids can then be identified using two different antibiotic resistance gene
present in the helper plasmid and phagemid.
In this study, pBluescript II SK(+) phagemid (PBS) was used to create three scaffolds
of varying lengths through molecular biology techniques to design DNA origami
constructions with similar outer dimension and different inner dimension. The DNA
constructs were termed concentric squares (Con) A, B and C and the scaffolds required
for these were stitched together from two fragments derived from lambda (λ) phage DNA
along with PBS, as shown in the figure 8.2a. The PBS (+) are plasmids containing the
phage origin (f1 ori) of replication and an ampicillin resistance gene. The helper plasmid
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used is M13cp which is based on M13 phage without its packaging signal and contains a
chloramphenicol resistance gene.
Thus the 9 kb custom scaffold required for achieving the envisioned DNA origami design
was produced by inserting 6.1 kb sequence, derived as two separate fragments from λ
phage, into the 2.9 kb phagemid. These two fragments (approximately 1.8 kb and 4.2 kb)
were selected devoid of protein coding regions to eliminate any interference in the phage
growth and downstream process. The elaborate map for scaffold assembly is provided in
the appendix D.
8.2.1 Scaffold assembly
Briefly, the fragments that make up the scaffold referred to as f1, f2 and f3 were PCR (see
chapter 5 section 2.2) amplified from the respective λ and PBS plasmid DNA templates
using appropriate primers. The primers used in the amplification procedure were designed
to incorporate the restriction sites EcoRI and NspI flanking the product f2 and NcoI and
NspI flanking f3 respectively.
Figure 8.2: Scaffold assembly, Schematic portraying fully assembled ConA scaffold
consisting of fragments f1 and f23 (formed via f2 and f3 ligation). ConB scaffold is
produced by PCR amplification of regions ConB–L and ConB–U which incorporates KasI
restriction sites at the ends and ConC via amplification of Con–L and ConC–U primers
incorporating BmtI sites.
The two fragments were then restriction digested with the respective enzymes to form
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sticky ends which were used for ligation (chapter 5 section 2.1), thus resulting in one long
fragment (f23). This long fragment was then combined with f1 using the NEBuilder HiFi
DNA assembly protocol (chapter 5 section 2.7) by considering the long fragment f23 as
vector and short fragment f1 as insert, resulting in f123 dsDNA.
Subsequently the circular dsDNA (f123) was chemically transformed in competent E.Coli
cells to produce the custom scaffold. The transformed cells with the f123 plasmid were
selected using their antibiotic resistance gene and recovered with a miniprep (chapter 5
section 3.0) to be co–transformed with helper plasmids (M13cp cells) to produce ssDNA
f123. The transformation and ssDNA expression steps are further explained in methods
and materials (chapter 5). The final ssDNA f123 product constituted 9073 bp and made
up the largest scaffold for the DNA construct ConA.
The two smaller scaffolds for the DNA constructs ConB and ConC were produced by
PCR amplification with double stranded f123 as template. As before the primers were
designed to incorporate the restriction digest site KasI for the product ConB and BmtI
for the product ConC respectively as shown in the figure 8.2. Subsequent restriction and
ligation followed by similar co–transformation protocol with helper plasmids as above
results in 8515 bp and 6307 bp ssDNA scaffolds for Con B and C.
In the first instance the scaffold strains were produced in 5 ml tubes and was then
followed by large scale scaffold harvesting by scaling up to 500 ml cultures. The cultures
were harvested by separating the bacteria from the phagemid and subsequent phenol
chloroform DNA extraction. The single stranded scaffold yield for the three samples
were upto ∼1200 ng/µl (in 50 µl volumes).
Scaffold formation confirmation
The different fragments formed were verified for correctness every step of the assembly
protocol via gel electrophoresis, figure 8.3a shows the successfully amplified and ligated
f1 and f23 fragments and the final double stranded ConA, B and C DNA respectively.
Additionally the double stranded scaffolds were also double digested with multiple
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Figure 8.3: Gel electrophoresis confirmation images of a) the fragments used in hifi
cloning to form the final ConA constrict and the final custom scaffolds.b) The three
different scaffolds were subjected to restriction digestion with NcoI and EcoRI, NcoI and
KasI, NcoI and BmtI and NcoI and NspI pairs.The fragments are visualised in 1% agarose
in 1×TAE buffer at 80 V with minimum run time of 60 mins.
restriction enzyme for further confirmation. Restriction digestion with NcoI and EcoRI,
NcoI and KasI, NcoI and BmtI and NcoI and NspI enzyme pairs were performed and
visualised in agarose gel as presented in figure 8.3b. The lanes contain 4 sets of Con A, B
and C scaffolds restriction digested with the different enzyme pairs as labelled.
The adjacent table indicates the expected basepair lengths of the restriction digest
combination with respect to the restriction sites located in the scaffold design for each
DNA nanostructure. As observed the fragment lengths correlated well with the restriction
digest sites on the constructs thus validating the correct formation of scaffolds.
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8.2.2 Scaffold routing
Figure 8.4: Schematic of a) ConA scaffold and b) the design for the concentric
squares showing concentric squares ConB and ConC formed via systemic removal of
inner scaffold portions of ConA. c) The AFM micrographs show the successfully folded
nanostructures with identical outer dimensions and varying inner cavity. d) The upper
right panel shows the scaffold routing of concentric squares (ConA, ConB, and ConC).
The full tile comprising the black, green and blue regions represents the ConA DNA
origami, whereas excluding the blue region in the centre from the full tile represents ConB
and the black region alone represents ConC.
The longer scaffold that forms ConA was routed such that it formed the outer portion
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(black) in its entirety prior to folding in to the middle (green) and then subsequently the
inner portion (blue) of the design. As such, a specific reduction in the scaffold length
could be used to remove the inner and middle portions of the design specifically whilst
maintaining the same outer dimensions and arrangement of DNA oligonucleotide staple
sequences (figure 8.4). Thus the novel DNA nanostructures were designed to resemble a
set of three nested squares as shown in the routing diagram.
The concentric square designs were all folded using a thermal annealing gradient (chapter
5 section 2.9) from the same pool of DNA oligonucleotide staples with their respective
ssDNA scaffolds and their formation confirmed by AFM. From figure 8.4b ConA, ConB
and ConC can all be seen to have identical outer dimensions of 100×85 nm. ConA is
noted to be a solid structure whereas ConB and C contain cavity with dimensions of
30×12 nm and 65×35 nm, respectively. These dimensions measured via AFM on mica
under buffer were found to differ slightly to the envisioned design. External dimension of
72×86 nm for ConA B and C and internal cavity of 20×11 nm and 44×38 nm for ConB
and ConC respectively, calculated by considering 1 helical turn (10.67 bp) to be 3.6 nm
in length i.e., basepair length as 0.34 nm and double helical width of the stacked helices
as 2 nm. While the width calculation using bp length was a useful approximation, the
length (top to bottom) of the concentric structures turned out to be extended, as reported
in previous studies [72, 254].
The AFM images revealed that the concentric squares stretch vertically along the stacked
helices resulting in the additional ∼20 nm increase in the total length. This extended
length is because of the inter–helical gap likely due to the electrostatic repulsion between
the helices. Thus an estimated inter–helical gap of ∼1 nm [72, 255] was taken into
account when engineering the length of the DNA origami, resulting in 107×86 nm
external dimension and internal voids of 29×11 nm (Con B) and 65×38 nm (ConC)
which matches to a close approximation with the AFM measurements.
As said before, the exact length of a DNA origami structure depends on the helical gap and
this in turn varies with cross over spacing [255]. It should be noted that removal of inner
and middle portions of ConA to form ConB and C also results in decrease of number of
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crossovers between the helices, though the structure remains intact this causes an decrease
in the structural rigidity with increased flexibility and stretch. This can be seen in the
AFM images (figure 8.4c and 8.6a), ConB stretches slightly with ∼10 nm increase in
length, whereas ConC after loosing the entire central portion of ConA stretches ∼20 nm.
Nevertheless, the DNA origami dimensions via AFM images are consistent throughout
and still suits the purpose of this study.
The assembly efficiency of the concentric squares as observed via AFM images for the
solid ConA sample and ConB with the smaller void was estimated to be >80% (n >50),
whereas the number of intact ConC DNA structure was found to be comparatively lower
with ∼65% (n >40)as shown in appendix D figure D.25.
8.3 Nanopipette translocation Experiments
The folded DNA origami samples were subjected to translocation experiments with∼100
nm pore glass nanopipettes with related pipette resistance of around 86±10 MΩ. The
experimental setup similar to previous nanopipette translocation experiments, included
the samples inside the nanopipette at a final concentration of ∼500 pM and upon
application of a constant voltage (−350 mV) the target moves from inside the nanopipette
to the outside thereby causing an increase in ion current. As discussed previously, the peak
characteristics like peak signature, peak amplitude and dwell time derived from the ion
current events were then used as a signature for differentiating DNA origami concentric
squares.
As seen in previous DNA based translocation studies (chapter 6 and 7), ConC, with a
large inner void and low mass translocates through the nanopore slowly (dwell time
= 0.31±0.14 ms) and has a small ion current increase (peak amplitude = 86±19 pA)
when compared to that of ConB (dwell time = 0.22±0.06 ms, peak amplitude = 97±13
pA) with a smaller inner void and slightly higher mass. In contrast, the solid ConA
nanostructure with the highest mass is seen to produce the largest ion current increase
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Figure 8.5: Peak current and dwell time histograms of the concentric square samples with
Con A, B and C, translocated via nanopipettes with ∼90 MΩ pore resistance, exhibiting
averages around 121 pA and 0.15 ms, 97 pA and 0.22 ms and 86 pA and 0.31 ms
respectively. The plots are fitted with a Gaussian curve and represents n>100 events
each.
(peak amplitude = 121±23 pA) as it translocates swiftly through the nanopore, with a
short dwell time (0.15±0.01 ms), see figure 8.5.
It is possible that these differences in peak amplitude and dwell time could represent the
combined contribution of the overall charge and geometry of the DNA nanostructures,
due to the variable scaffold length used in these designs. It is, however, notable that the
distinct ion current signatures consistently correlates with the cavity geometry between
both our studies in this chapter and chapter 7, which strongly attributes the difference in
ion current signatures to the geometry of the DNA nanostructures.
As shown in figure 8.6a the ion current signature for the concentric squares change
according to the dimensions of the DNA origami and decreasing the size of inner cavity
had a correlation with the ion current signature.
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While ConA a solid tile presented with a single peak signature, ConB and C presented
double peaks in their ion current structure, data analysis of about 100 events for each
concentric square structure shows ConA presenting 95% single peaks, ConB and ConC
presented with >80% double peaks. In that, ConB with the smaller cavity exhibited a
slight split in the ion current while ConC samples showed a distinctive double peak in
accordance with the large cavity at its centre as shown in figure 8.6. The double peak
count for the concentric squares obtained from two different nanopipettes on different
days are represented in table 7 of appendix C.
Figure 8.6: a) AFM image of the concentric squares along with the respective b) peak
current signatures. ConA the solid tile exhibits a single peak, ConB with a small inner
void exhibits a double peak with a small split and ConC with the larger void produces a
significant double peak structure
This sensitivity of nanopipettes to differentiate DNA origami in relation to their geometry
with respect to dwell time, peak amplitude and ion peak signature provides a three
parameter system with which the DNA origami could be identified. Figure 8.7 shows the
scatter plot for ion current events of the respective concentric square samples plotted with
dwell time against peak amplitude. It is evident from the plot that the concentric squares
could be identified with specific distribution range within which most of the respective
events fall as follows; ConA <0.2 ms dwell time and >100 pA peak amplitude, ConB
between 0.15 ms and 0.25 ms dwell time and between 90 pA and 100 pA peak amplitude,
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ConC >0.25 ms dwell time and <90 pA peak amplitude. In that ConA and ConC have
significantly distinguishable distribution range whereas ConB overlaps with both ConA
and ConC as seen in figure 8.7.
Figure 8.7: Peak amplitude vs dwell time
scatter for concentric square constructs
ConA (blue), ConB (green) and ConC
(black) with>100 events each. The events
are fitted with a 95% confidence elipse.
Individual analysis of the ion current events (>100) using dwell time and peak amplitude
together matches about 70–82% of the events with the respective concentric square
structures. But, ion current signature taken together with these parameters allow us to
identify distinct populations of DNA nanostructures and better distinguish the overlapping
events. This would also allow for fewer false positives.
8.3.1 Relation between double peak and cavity size
Interestingly, analysis of the double peak structure is also found to correlate strongly
with the cavity geometry, where the lag time (peak to peak distance) and amplitude (dp
height) increases with increasing cavity dimensions. Data analysis of at least 50 events
for ConB and C shows 80% of the peaks presenting with respective lag time and dp
height as shown in figure 8.8. The analysis also shows that though ConB samples were
successfully detected and differentiated with mean peak amplitude and dwell time, the
ion current signature with mean lag time of 0.03±0.01 ms and double peak height of 14
±4 pA (see figure 8.8) falls within the baseline noise (20 pA) indicating the frame void
size (30×12 nm) to be too small.
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Figure 8.8: Double peak analysis for ConB and ConC (n>30 events each) with the first
column portraying a mean Dp height of 14 pA and 46 pA for ConB and ConC respectively.
The second column with the lag time histogram shows a narrow short lag time of 0.03 ms
for ConB double peaks whereas the ConC peaks present with a wider and longer lag time
of 0.37 ms. Translocation experiments were conducted via nanopipettes with ∼92 MΩ
pore resistance.
Whereas notably, there is a higher dp height of 37±2 pA for the larger ConC void size
65×35 nm. The broader distribution (0.32±0.1 ms lag time) of peak amplitudes also
suggests the variable orientation of the rectangular nanostructure ConC during nanopore
translocation, which is also consistent with the DNA origami design, indicating the
flexible nature due to the thin frame geometry. Thus to obtain a distinctive high signal
to noise double peak ion current signature, an inner frame dimension (cavity) of >30×12
nm along with a rigid outer frame is required.
8.4 Conclusion
In this Chapter, successful custom designed scaffolds for three DNA origami structures
with a novel design strategy was demonstrated. The DNA nanostructures were assembled
to resemble a set of three nested squares so that removal of specific portions in the scaffold
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led to removal of the inner sections of the designed square. This facilitated maintaining
the outer dimension constant with the same scaffold arrangement and staple sequence for
all three structures.
Using these structures, the association of ion current to changes in DNA origami structure
was studied and confirmed. By manipulating the frame inner dimensions, concentric
squares with varying cavity size were created which resulted in specific ion current
signatures upon translocation. Thus a direct correlation (>80%) of peak signature to
cavity space, with respect to the frame DNA origami structures is provided.
While the traditional peak parameters, dwell time and peak amplitude, could successfully
distinguish 72–80 % of the events to the ConA, B and C structures inclusion of ion
current signature further increased the predictability especially in the overlapping regions
where the structures presented with similar dwell time or peak amplitude. The study with
varying inner void size also allowed the determination of a suitable void size (>30×12
nm) for high signal to noise double peak (dp height>baseline noise 20 pA) signature.
Thus, the potential of these DNA nanostructure for applications that take advantage
of the cavity space with respect to the double peak signature is apparent. The next
chapter will discuss how these well defined geometric (frame) nanostructures could be
utilised for target attachment and subsequently detected through nanopipette translocation
experiments making use of the unique ion current signature.
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Chapter 9
DNA Origami - Nanopipette Biosensor
9.1 Introduction
From previous experiments as discussed in chapter 7 and 8, we had identified a unique
ion current fingerprint denoting the presence or absence of void within 2D DNA
nanostructures. With regards to biosensing applications, then this ion current fingerprint
could be exploited to provide a readout of the presence or absence of a bound entity
obscuring the cavity where a specific binding agent like an aptamer is presented internally.
Figure 9.1: Schematic of the DNA
origami–nanopipette sensing system, the
ion current trace shows a mixture of single
and double peaks as observed for CRP
incubated carriers.
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The currently employed clinical diagnostic assays are generally based on
ensemble–averaging immunoassays such as ELISAs. In these, an antibody or antibody
mimetic is used to capture relevant biomarkers in the sample, and in general, each
antibody–biomarker interaction contributes a small amount to the accumulated assay
signal. However, the individual immuno–interactions cannot be identified anymore and
only manifest themselves as part of this ensemble–averaged signal.
In order to explore this and as a proof of principle, we demonstrate the quantitative
detection of human CRP, which is an established inflammation biomarker. In a healthy
adult the median CRP concentration is 0.8 µg/ml, and its concentration in blood exceed
1 mg/ml (8 µM) [256] as a result of an inflammatory response. Thus detection of CRP
for various clinical applications as a general inflammation marker and as an indicator for
cardiovascular problems is of interest.
Arguably, the ability to detect biomarkers with single entity resolution rather than
via ensemble–averaging techniques provides significant advantages for the detection of
ultra–small biomarker concentrations. A promising approach to this is to detect single
protein biomarkers using carrier molecules through a nanopore under an applied voltage.
Thus, with regard to all the challenges and the response strategies reviewed in chapter 4
towards nanopore protein detection, we propose DNA origami as an alternate carrier with
a defined geometry which can host the subject biological entity, in an analogous approach
to that used to study single biological reactions with high speed atomic force microscopy
[257].
The initial sections of this chapter describes the design and construction of DNA origami
carrier including selection and insertion of specific aptamer sequences for CRP. The
binding affinity of the aptamer towards CRP is confirmed via SPR experiments and
binding within the carrier itself is studied with AFM and gel retardation assays. This
is followed by nanopipette translocation experiments for detection of CRP bound carrier
molecules. Further sections explain our methodology of three–parameter usage for
quantitatively detecting CRP molecules.
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Thus this chapter shows that the DNA origami structure provides a versatile and robust
carrier platform to circumvent the limitations of the existing carrier based approaches
with the potential for quantitative single molecule sensing that is both sensitive and highly
selective.
9.2 DNA origami as unique carriers
As discussed in the previous chapter, the correlation of translocation peak signature to
cavity geometry within these DNA nanostructures provides a unique and robust approach
to detect the presence of a much smaller analyte. By placing a binding agent specific to
the molecule of interest within the cavity of the DNA nanostructure, and upon binding the
target analyte, the volume of the cavity changes resulting in a change in the ion current
peak signature.
Figure 9.2: a) Schematic and AFM image in the first column shows the placement of the
aptamer opposite to the polarity marker with help of the anchor sequence and the second
column shows the subsequent protein occupied frame. b) The right panel shows the AFM
image of CRP protein
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In order to explore this strategy and as proof of principle, quantitative detection of CRP
is shown here. A DNA frame nanostructure was produced from a 7249 nt scaffold to
include internal anchor sequences within a central cavity to which DNA aptamers could be
hybridised and presented (figure 9.2). This DNA nanostructure contained a small cavity
(35×35 nm) sufficient to provide a distinctive double peak signature as informed by the
concentric square studies chapter 8. Whilst its outer frame structure (95×95 nm) was rigid
and closely matched in dimensions to the nanopipette pore size of 100 nm, providing a
robust signal to noise at each translocation event. The additional inclusion of a notch at
one corner acted as a polarity marker for confirmation of correct aptamer placement by
AFM. The complete DNA nanostructure and aptamer assembly is herein referred to as
the carrier. Figure 9.2 shows the schematic and AFM micrographs of the empty DNA
origami frame functionalised with the aptamer on the top left (opposite) of the polarity
marker and the same bound with CRP.
9.2.1 Aptamer selection
Initially, three CRP specific aptamers selected from previous works [84, 85, 86, 87] were
analysed via SPR to confirm target specificity. This was necessary to verify CRP binding
to aptamers with end modified anchor sequences as required for this study. Figure 9.3b
portrays SPR results of the three end modified aptamers showing positive binding towards
CRP. Firstly, the gold SPR chips were deposited with self assembled monolayer (SAM)
of C11PEG6COOH which was then used for amine end modified aptamer attachment
by activation with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) as shown
in figure 9.3a. The cross linking occurs via activation of carboxyl groups for direct
interaction with primary amines through amide bond formation. The SAM spacers
prevents any nonspecific target binding onto the surface and also helps placement of the
aptamer well above the surface for efficient binding. Then, CRP at specific concentration
was flowed over the aptamer immobilised Au film surface. The binding of CRP to the
specific aptamer causes a change in resonance angle which is measured in millidegrees.
The SPR experiments were carried out as per protocol explained in chapter 5 section 4.
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Figure 9.3: a) A schematic of SAM functionalised SPR gold chip for attachment with
amine modified aptamer sequences for CRP detection. b) The SPR data shows positive
binding of CRP with all three tested aptamers. c) Concentration–dependent signals for
different concentration of CRP from 500 pg/ml to 10 g/ml against aptamer 1. d) SPR
response plotted against the respective CRP concentration follows a Langmuir isotherm
with a Kd of ∼40 nM.
Though all three aptamers showed positive binding with CRP via SPR analysis, aptamer
1 and 2 showed the largest SPR angle shift with aptamer 1 exhibiting the faster binding
kinetics compared to aptamer 2 and were selected for all further experiments. Aptamer
3 with the lowest response was excluded, and also for the reason that there was no
conclusive binding after insertion within the DNA origami carrier via AFM imaging. The
selected aptamer 1 was then tested against different buffer conditions and it was noted that
there was a substantial shift in SPR angle indicating increased CRP binding in presence of
Ca2+ (appendix E figure E.26). This is in agreement as noted in previous studies [258, 85].
Thus a binding buffer (10 mM MgAc, 10 mM TrisAc, 1 mM EDTA) with an appropriate
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concentration of calcium (2 mM CaCl2) suitable for DNA origami (appendix E figure
E.36 and E.37) was selected for nanopipette translocation and analysis. The aptamer was
also tested against nonspecific targets to rule any false positive signals, as shown in the
appendix E figure E.29.
A concentration dependent SPR analysis was also carried out to identify the appropriate
concentration of CRP required for further experiments to obtain a significant signal.
Figure 9.3c shows SPR angle shifts upon flowing different concentrations of CRP (from
500 pg/ml to 10 µg/ml) over the aptamer immobilised Au film surface as explained in
chapter 5. The response plotted against the different CRP concentration was used to
calculate the binding affinity (KdSPR) of the end modified aptamer sequence, as shown in
the graph (9.3d) following the Langmuir equation y = x× Bmax/(x + Kd); , KdSPR =
∼40 nM. In comparison, the study by Lee et al. [85] and Jarczewska et al. [84] resulted
in a Kd of 3.5 nM and 6 pM respectively. Also from the concentration study, a lower CRP
concentration (1 µg/ml or ∼9 nM) exhibiting a significant SPR response was chosen for
the nanopipette and AFM experiments. The complete SPR traces for all the experiments
are provided in the appendix E.
9.2.2 AFM and retarding gel electrophoresis
The performance of the DNA aptamer within the context of the carrier was established by
incubating 36 nM (4.4 µg/ml) CRP with 9 nM concentration of carrier in the translocation
buffer (0.1 M KCl containing 10 mM MgAc, 2 mM CaCl2, 10 mM TrisAc and 1 mM
EDTA) at room temperature for 30 minutes and then characterised by AFM (figure 9.2 and
appendix E, figure E.38). Incubating the samples in similar buffer conditions as required
for nanopipette translocation experiment also facilitated direct study of carrier molecules
stability in the respective buffer and also check suitability of the buffer for CRP–aptamer
binding. From the AFM images, the efficiency of CRP binding was calculated to be
>60% (n=50) for a 1 : 4 (carrier to CRP) ratio.
In addition, retarding gel electrophoresis experiments (chapter 5 section 2.6) were carried
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out to further confirm CRP binding to the carrier. Gel electrophoresis of carrier sample
(9 nM) incubated with increasing concentration of CRP (9, 18, 27, 36 nM) in the
translocation buffer as mentioned above was carried out for 2 hours at 80V at 4◦C in
0.5% agarose. The samples were incubated for 30 minutes prior to electrophoresis. The
gel is shown in figure 9.4a with a 1 kb ladder in lane 1 and control samples in lane 2, 3
and 8. Surprisingly, a concentration–dependent shift of the carrier bands can be seen, in
lanes 4 to 7 which could be due to successful CRP binding to the carrier.
Figure 9.4: Retarding gel electrophoresis study for a) carrier 1 and b) carrier 2 attached
with apatmers 1 and 2 respectively exhibiting positive CRP binding as seen in lane 4 to
7. The gel also consists of a 10 kb ladder in the 1st lane, lane 2, 3 and 8 act as controls
with DNA frames in 2nd and 8th lane and carriers with non-specific aptamer in 3rd lane.
For 9 nM (1 : 1) CRP a light upper band and darker lower band is observed, for 18 nM
(1 : 2) and 27 nM (1 : 3) CRP we could observe the lower band gradually shift. The
lower bands in the carrier–CRP complex runs similar to the controls and represent the
unbound DNA origami carrier, at 36 nM (1 : 4) CRP concentration only the upper band
is visible suggesting carrier molecule saturation. Whereas the carrier with nonspecific
aptamer (lane 3) shows no CRP binding and runs parallel to the empty DNA frames (lane
2 and 8) both acting as control bands. Similar electrophoresis study was also carried out
for aptamer 2 as represented in figure 9.4b which further suggested positive CRP binding
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to the respective aptamers in the carrier. While CRP bound carriers could be resolved
from free DNA origami carrier and negative controls, the separation is not significant for
concentration depending binding confirmation. The slight smearing of the bands and the
occurrence of light and dark bands could be due to disequilibrium of the samples and the
long run time of 2 hours could also cause low dissociation of the DNA origami itself.
Thus the results were only taken as a qualitative validation of carrier–CRP binding.
9.3 Nanopipette–DNA origami sensing system
CRP detection via nanopipette translocation experiments for both aptamer 1 and 2 were
successfully conducted, and they both presented with similar data and results. While
we do compare and relate data for both aptamers where necessary, only one of the two
is discussed and presented in detail in this chapter and elaborate data for the other is
provided in appendix E.
Figure 9.5: Ion current signatures for a) free CRP, b) aptamer bound CRP, c) empty
carrier and d) CRP bound carrier. c) and d) portrays the clear ion current structure
difference between the bound and unbound sample molecules. The traces also show that
CRP free and aptamer bound were undetectable with the ∼100 nm pore sized pipettes.
The scale bars represent ms and 20 pA in the x and y direction.
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Initially, nanopipette translocation experiment of DNA frames and carriers (DNA frames
incorporated with aptamers) were carried out in 0.1 M KCl buffer at a final concentration
of 500 pM. Data analysis of more than 100 ion current events revealed double peaks with
peak amplitude around 65±6 pA and dwell time of 0.29± 0.1 ms for carriers and a mean
peak amplitude of 62±4 pA and dwell time of 0.32± 0.05 ms for DNA frames (figure 9.5c
and 9.6). These peak characteristics were also consistent with similar sized DNA frames
(F1 and F2) tested before in chapter 7. Thus we note that, the addition of a single stranded
DNA aptamer of few tens of bp in length within the DNA structures has a negligible effect
on the resulting ion current, when compared to empty DNA nanostructures.
Similarly, to analyse the CRP–occupied carriers, an equimolar solution of CRP and
carriers at 9 nM incubated under the same conditions as for AFM and gel electrophoresis
studies was used with the aim of having a mixed population of occupied and unoccupied
carriers. Ion current measurements obtained from these revealed a mixture of double
and single peaks with the latter accounting for 30% of the total number of events for the
above mentioned carrier to CRP ratio. This is consistent across different nanopipettes
(n=3) with a average single peak percentage of 31±2.
Further data analysis on the ion current events (n>100) indicates that the double peaks
have a mean ion current amplitude of 62±4 pA and dwell time 0.33± 0.03 ms (see
figure 9.6) which is similar to those observed for carriers and DNA frames on their own
as seen above. In contrast, analysis of the single ion current peaks (n>50) demonstrates
a substantial shift in both dwell time and peak amplitude, where 0.15±0.05 ms and 90±9
pA are observed, respectively.
From previous experiments in chapter 7 and 8, the frame DNA structure’s characteristic
double peak has already been evidenced to the presence of the cavity in the structure.
It should also be noted, due to the large dimensions of the nanopipette pore (100 nm)
compared to the measured diametre of CRP (11 nm), it is impossible to directly detect
free CRP or free aptamer in this system, figure 9.2 and figure E.32. This taken together
with the results of the concentric squares study (chapter 8) which showed that the peak
shape changes from a double peak to a single peak upon filling in the central cavity, we
Chapter 9. DNA Origami - Nanopipette Biosensor 140
Figure 9.6: Histograms of dwell time and
peak amplitude for DNA frame, carrier
on its own and carrier incubated with
CRP at a 1 : 1 ratio. The DNA frames
and unbound carriers showed a dwell
time average and peak amplitude average
that was significantly different from the
CRP bound carriers. The histograms
are each fitted with a Gaussian fit,
data represents n>100 events obtained
through nanopipettes with ∼ 95 MΩ
resistance.
speculate that the single peak events correspond to occupied carriers, i.e. carriers with a
CRP bound to the specific aptamer.
Furthermore, the double peaks accounting for approximately 40% of the total number
of observed events (appendix E section 2, table 7), is in line with the percentage of
occupied carriers that would be expected based on the KdSPR obtained from the SPR
experiments (figure 9.3), which suggests that the percentage is concentration dependent
as expected. Thus the carriers CRP bound and unbound could be differentiated from
the sample mixture by considering the structure of the ion current peak or its mean
characteristics (dwell time and amplitude).
9.3.1 Characterisation of peaks
Next, in order to use this approach for high sensitivity biosensing, a reliable way of
classifying the different ion current events is required. Figure 9.7(i) shows the scatter
plots of the peak amplitudes versus dwell times of the ion current peaks observed for the
translocation of unoccupied carriers. All events which resemble the shape of double peaks
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are shown in orange, and all other events as black triangles, indicating that they cannot be
classified.
To eliminate outliers and to ensure robust classification, ion current events will only be
classified as a true double peak representing an unoccupied carrier if the measured peak
amplitude and dwell time fall within the 95% confidence ellipse (indicated by orange
circles), which is indicated in the figure. Peaks which fall outside of this boundary are
indicated by orange triangles and will not be considered as events representing unoccupied
carriers.
Similarly, figure 9.7(ii) shows the scatter plots of the peak amplitudes versus dwell times
of the ion current events observed for the translocation of a mixture of carriers with ten
times excess of CRP expected to lead to the majority of carriers being occupied. All
events which resemble the shape of double peaks and single peaks are shown in orange
and blue, respectively, and all other events as black triangles, indicating that they cannot
be classified.
As above, to ensure a robust classification for single peaks to represent CRP–occupied
carriers, the 95% confidence ellipse (indicated as a blue ellipse) is employed as an in–out
filter. Only single peaks which fall within this 95% confidence area are considered as
resulting from the translocation of a CRP–occupied carrier (indicated by blue circles), all
other single peaks are considered unclassified (indicated by blue triangles).
To classify the double peaks, and thereby establishing the number of events representing
unoccupied carriers, the confidence ellipse from panel (i) is indicated in orange, and hence
only double peak events which fall within this area are considered (orange circles), while
the ones outside this area are dismissed (orange triangles).
This now enables the classification of observed ion current peaks into three categories,
double peaks representing unoccupied carriers, single peaks representing CRP–occupied
carriers, and unclassified peaks which resemble neither a double nor a single peak. A
step wise schematic of this classification is shown in appendix E, figure E.33. This
multi–parameter classification enables the discarding of ambiguous translocation events,
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Figure 9.7: Scatter plot of peaks for unoccupied carriers (left) and carriers incubated
with a 10× excess of CRP (90 nM). Ion current events which are double peaks are
plotted on orange, and the ones that fall inside the 95% confidence ellipse are plotted
as circles, the others as triangles. Only events that fall within the 95% confidence ellipse
are considered double peaks. The same analyses was carried out for single peaks (plotted
in blue). Ion current events which resembled neither a double nor a single peak are shown
as black triangles and are excluded from the analysis. Data represents at least 100 events
for each analysis.
for example resulting from broken carriers, in a robust way. Such events would likely
resemble single peaks and hence represent false positives.
To illustrate this, the DNA nanostructures were deliberately disrupted by incubating in 10
mM CaCl2 for 30 min to substitute the constituent Mg2+ with Ca2+ prior to translocation.
The AFM micrographs in figure E.36i of appendix 5 demonstrate that the carriers have
been degraded significantly. This is in accordance with previous studies demonstrating
that the affinity of DNA towards calcium is greater than magesium [259] and high mM
concentrations of Ca2+ can denature the DNA origami structure [260].
During the translocation experiments only very few events were recorded, and the peak
amplitude vs dwell time scatter plot shows that none of the recorded peaks fall within
the relevant confidence ellipse (appendix 5, figure E.36ii and iii), demonstrating the
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robustness of the classification approach. As such, the counting of false positives from
broken or truncated carriers in the sample is limited effectively by the filtering of the
single peaks via the classification procedure discussed above.
We note that the small concentration of Ca2+ in the translocation buffer does not affect the
carriers significantly. Even after incubation of the carriers for 4 hours in the translocation
buffer, only a small number (approximately 10%) of the translocation events would be
classified as CRP–occupied carries with the above classification method (appendix E,
figure E.37).
9.3.2 Quantitative single molecule biosensing
To demonstrate quantitative sensing using the translocation of carriers with specific DNA
aptamers, and the concept of counting single individual carrier molecules classified
through the three–parameter approach (peak amplitude, dwell time, and shape), we
analysed the ion currents of a range of translocation experiments at different CRP
concentrations.
Figure 9.8a shows the distinct ion current signature for occupied and unoccupied carrier
and a collection of representative ion current peaks for a range of different CRP
concentrations indicating an increase in the occurrence of single peaks with increasing
CRP concentration. For each concentration, the observed ion current events were
classified as described above. Where single or double peaks did not satisfy the filtering
criteria they were marked as “unclassified” and were not taken into account for the
concentration analysis. Such unclassified peaks represented between 9–36% of the total
number of events in a 2 minute trace. Consequently with respect to the occurrence of
dp and sp there was a gradual shift in the histograms of mean dwell times and peak
amplitudes across different concentrations, see figure 9.8b.
Now by considering the three–parameter approach the ion current events obtained for
different CRP concentrations were plotted with their dwell time against peak amplitude
and overlaid with the 95% confidence ellipse obtained from figure 9.7 (appendix E figure
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Figure 9.8: Concentration dependent study, a) Ion current signatures observed for
CRP–unoccupied and occupied carriers and representative selection of ion current
signatures for increasing concentration of CRP. The peak traces are stitched together
from individual peaks of a longer trace to remove regions with no events for the purpose
of illustration. b) Dwell time and peak amplitude histograms (n>80 each, table 9) of the
ion current events for the CRP–occupied samples depicting gradual shift in the averages
with respect to concentration of CRP, the histograms are fitted with Gaussian fit. The
nanopipettes used for these experiments exhibited a pore resistance of 95 ± 3 MΩ.
E.35). Figure 9.9a represents ion current translocation events for 9 nM concentration of
CRP and carrier, where the double and single peaks represented as orange and blue circles
and unclassified events are denoted by triangles.
Thus by counting the number of single and double peaks within the ellipses, quantitative
detection of occupied and unoccupied carriers was achieved. Subsequently, the
normalised single peak count, i.e., classified single peaks vs total number of classified
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Figure 9.9: CRP binding study a)Translocation events of carriers (9 nM) incubated with
different concentration of CRP with their peak amplitude plotted against dwell time.
The single peaks in the ion current data are coloured blue while the double peaks are
coloured orange, and the unclassified events discarded from the quantitative analysis are
represented as triangles. The plots are overlaid with the 95% confidence ellipses from
figure 9.7. b) Ratio of single peaks vs total classified peaks against CRP concentration
for carrier 1 and carrier 2 (table 8 and 12). The data were fitted with Langmuir isotherm
y = x×Bmax/(x+Kd) (solid line) and revealed a Kd of 11±2 nM and Kd of 12±5 nM
for the two carriers. The dashed lines represent the confidence boundaries of the fit. The
error bars denote standard deviation of events from ion current translocation experiments
conducted on different days using three different nanopipettes.
peaks, was used to calculate the binding affinity of the carrier for the analyte at the
single molecule level. Figure 9.9b shows the normalised single peak count, for different
concentrations of CRP from 3 nM to 90 nM for carrier 1.
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As expected, the normalised single peak count increases with increasing CRP
concentration. The data were fitted with a Langmuir isotherm, using the dissociation
constant Kd as the only fitting parameter, and the result is shown as a solid line. The Kd
obtained from the fit is 11±2 nM for carrier 1, which is a same order of magnitude with
the results from our SPR study of DNA aptamer 1. Similar data analysis was also carried
out for carrier 2 and normalised single peak count plotted against CRP concentration
following a similar Langmuir curve with a Kd of 12±5 nM is shown in figure 9.9b.
Using the parameter classification (amplitude, dwell time and ion current signature)
quantitative detection down to 3 nM CRP in ∼5 µl sample volume was achieved within
a 2-minute sampling window, lower concentrations than 3 nM were not attempted as the
number of single peak vs total classified peak ratio was very close to that of empty carrier
and control samples for a 2 minute ion current recording. However, the sensitivity of this
system can be improved by reducing the size of the confidence ellipses to increase the
stringency of the classification which in turn would need an extension of the sampling
time and employing different designs of DNA origamis to reduce the number of broken
carriers in the sample.
Thus a quantitative technique using nanopipette translocation with two different aptamers
for a target of interest is presented, demonstrating the robustness of the biosensing
approach.
9.3.3 Selectivity and specificity of the DNA carrier system
To further validate the specificity of our sensing system, in particular of the carriers to
the CRP target, a random DNA sequence was selected to act as a non–specific aptamer
(NspApt) and the translocation ion current was measured for carrier concentration of 9
nM and CRP concentration of 90 nM, i.e., the highest concentration reported for carrier
1. The analysis of the ion current events is shown in figure 9.10a .
A single distribution of peak amplitudes and dwell times with averages of 69±5 pA
and 0.3±13 ms, respectively, were found, consistent with the values measured with
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Figure 9.10: Control experiments conducted using nanopipettes with∼ 90 MΩ resistance
for a) non–specific aptamer sequence and b) a random protein (MupB) resulted in dwell
time and peak amplitude mean (0.3 ms and 0.25 ms and 69 pA and 60 pA) similar to empty
carrier samples. The histogram plots are fitted with a Gaussian fit. c) The scatter plot
analysis which shows the classification of the ion current events shows that no occupied
carriers were detected, demonstrating the high specificity of the sensing approach. The
data represent n>80 events each.
unoccupied carriers. The scatter plot clearly shows that only double peaks were identified,
and no single peaks, demonstrating that a non–specific aptamer does not lead to any
detection signal.
Furthermore, the CRP specific carrier (at a 9 nM concentration) was subjected to 90 nM of
a control protein (MupB) of similar size as CRP, and the results of the ion current analysis
is shown in figure 9.10b. Similar to the non–specific aptamer, single distributions of
dwell time and peak amplitudes (averages of 0.25±0.1 ms and 60±7 pA) were observed
which are in line with those for unoccupied carriers. The scatter plot clearly shows
that no single peaks were identified (n >50) demonstrating that no MupB bound to the
CRP–carriers. These control experiments are also in accordance with the SPR data,
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which involved testing a random protein against the surface bound aptamer sequences
as discussed previously.
Figure 9.11: CRP to carrier molecule specificity studies consisted of positioning
aptamers in different positions. a) carriers with CRP bound to the left aptamer, b) CRP
bound to the right aptamer. The positions right and left are with respect to the orientation
marker indicated by the yellow arrow.
Evidence for high specificity of the selected aptamer towards CRP within the carrier was
further corroborated by placing both specific and nonspecific aptamer in the carrier and
detecting the correct binding of CRP to the specific aptamer via AFM. The carrier (9 nM)
samples were incubated with CRP at 36 nM in translocation buffer at room temperature
for 30 mins and imaged on mica. AFM images in figure 9.11 shows DNA origami frame
with both specific and non–specific aptamers incorporated in two different arrangements
and the CRP molecule bound to the appropriate aptamer.
In the first instance we have the aptamer opposite (top left) and nonspecific aptamer
adjacent (bottom right) to the polarity marker. From the AFM images we can clearly
note the CRP binding to left of the polarity marker and not to the nonspecific aptamer.
Swapping the specific and nonspecific aptamer placement again shows corresponding
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CRP binding to the correct side of the DNA frame structure, i.e. adjacent to the polarity
marker this time. Analysis of the AFM images (appendix E, figure E.39 ) show CRP
bound to the correct aptamer about 47–55% of the total carriers in the image, the few
incorrect binding (7–20%) seen via AFM could be due to nonspecific protein–surface or
substrate interactions.
9.4 CRP detection in plasma
For applications in clinical diagnostics, it is important that quantitative detection of
analytes such as CRP can also be performed in complex biological fluids. To demonstrate
the performance of our sensor system with such fluids, nanopipettes translocation studies
in plasma was conducted. Initially translocation study for different concentrations of
plasma was performed to assess the complexity and signal to noise ratio obtainable for
these biological samples.
Figure 9.12: Ion current trace of plasma sample at different dilutions subjected to
negative and positive voltage bias.
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As expected the undiluted plasma sample presented with high noise, i.e., many number
of events with various different translocation time and peak amplitudes were visible due
to the complex nature of plasma. Step wise dilutions and subsequent ion trace data
acquirement was done till a clean baseline was attained at both voltage polarities (figure
9.12).
Figure 9.13: CRP detection in plasma. CRP detection in diluted plasma. Typical ion
current traces, and peak amplitude and dwell time histograms for a) unoccupied carriers
and b) CRP–occupied carriers in different concentrations of CRP in 5% plasma. c)
Normalised single peak count, i.e., ratio of single peaks vs total classified peaks against
CRP concentration, table 10. The solid line is a guide to the eye using a Langmuir
isotherm. Data represents n>30 for 3 nM, n>40 for 9 nM, n>100 for 36 nM.
A solution of (5%) human plasma diluted in buffer and spiked with the different
concentrations of CRP ranging from 3 nM to 36 nM was used for further nanopipette
translocation experiments as shown in the figure 9.13. The carrier molecules on their own
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in 5% plasma produced double peak ion current events similar to the situation in buffer,
but with a slightly lower dwell time around 0.26±0.10 ms and peak amplitude of 55±6
pA. Nevertheless the peak characteristics for occupied carriers (0.12±0.04 ms and 98±1
pA ), i.e. the single peaks observed in 5% plasma spiked with CRP, were found to be
consistent with the experiments in 0.1 M KCl buffer.
The different ion current events observed during a translocation experiment with 5%
plasma can be classified into single peaks, double peaks and unclassified peaks in the same
way as in buffer. Figure E.41 in appendix 5 shows the scatter plots for peak amplitude
versus dwell time for all CRP concentrations with the single and double peaks which were
selected as representing CRP-occupied and unoccupied carriers, respectively, indicated in
the same way as for the buffer experiments. The ratio of single peak versus total number
of classified peak is shown in figure 9.12c together with a Langmuir isotherm-like guide
to the eyes using the Kd as established for the buffer experiments.
We successfully detected CRP bound carriers at concentrations as low as 9 nM (compared
to 3 nM in pure buffer), with a good signal to noise ratio and the normalised single peaks
count also correlated with increasing CRP concentration. Based on the counting statistics
the number of unclassified events observed for various CRP concentrations in plasma
sample were similar (9–25%) to those observed in pure buffer.
9.5 Conclusion
In this chapter, a biosensing approach based on identifying and counting individual
biomarkers being translocated through a nanopore on a DNA origami carrier
macromolecule which features a central cavity with a target–specific DNA aptamer is
demonstrated.
By utilising the definite structural property of DNA origami towards translocating ion
current, DNA origami structures were designed with central cavities large enough to lead
to a clearly identifiable double peak in the translocation ion current, but small enough that
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if the biomarker of interest—human CRP—is inserted into the cavity, the translocation
ion current peak becomes a single peak.
To facilitate the specific and selective binding of the biomarker of interest into the cavity, a
biomarker–specific DNA aptamer was weaved into the DNA origami structure on the edge
of the cavity. Translocation studies with unoccupied DNA origami carriers and highly
CRP–occupied carriers revealed two distinct dwell time–peak amplitude clusters, which
correlated with single and double peak shapes, respectively. This ability to differentiate
between biomarker–occupied and unoccupied carriers provides solid foundations for
biosensing.
Using the three–parameter classification, i.e. the peak shape and the 95% confidence
ellipse in the peak amplitude–dwell time scatter plot, quantitative detection down to 3 nM
and 9 nM CRP in∼5 µl sample volume of buffer and diluted human plasma, respectively,
was achieved within a 2 minute sampling window.
Using robustly folded rather than long linear DNA which is often the carrier of choice for
nanopore experiments, many of the setbacks were overcome. The easily identifiable ion
current signature of the DNA origami carrier not only minimises false positives owing to
knots and folds often occurring in linear DNA, but also eliminates the ‘tail to head’ and
‘head to tail’ ambiguity which is encountered with long linear DNA strands with respect
to its translocation direction.
Importantly, this carrier–nanopore biosensing approach is based on counting individual
biomarkers rather than relying on an ensemble–averaged signal. As such, the sensitivity
of this system can be improved, for example by reducing the size of the confidence ellipses
used to eliminate outliers and thus to increase the stringency of the classification. This,
in turn, would require an extension of the sampling time to ensure statistically relevant
numbers of occupied and unoccupied carriers are recorded.
Furthermore, improving the DNA origami designs with increased robustness will reduce
the number of broken and thus unclassifiable carriers in the sample, contributing to
increased sensitivity and specificity. Finally, the presented biosensing system has the
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potential to be advanced to multiplexed detection, e.g. through using ribbons of DNA
origamis with integrated barcoding as indicated in the next chapter.
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Chapter 10
Conclusions and Future Developments
10.1 Conclusions
The accessibility of a robust single molecule technology that is both sensitive and specific,
like with the use of nanopores and nanopipettes, will indubitably advance biomolecular
research techniques. One such milestone in the field that conveys the translatability of
this technique is the successful commercialisation of nanopores for DNA sequencing
(MinION by Oxford Nanopore Technologies).
Apart from the important goal of rapid and reliable genome sequencing, the applications
of nanopore sensing technique is broad ranged and extensive with lot of opportunities
for improvement. This includes commercial use in biomedicine (molecular diagnostics
and drug development), biotechnology (food industries and water quality control) and
forensics (bioterrorism, crime scene detection). For example, the analysis and study of
individual proteins molecules to develop new protein–biomarker based diagnostics is one
application that is of importance and relevance to this thesis.
An ideal biosensor should be robust, simple, highly sensitive and selective for rapid
detection of a specific target molecule in real time. Biosensor research targeted towards
realising these criteria also includes, integration of nanomaterials for various functions
in the design of biosensors to improve its utility. Especially with the advent of DNA
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nanostructures, nanoscale functional devices using biological molecules have opened up
enormous oppurtunities in bio–nanotechnological applications.
The DNA nanostructures produced via bottom up molecular self–assembly have been
researched extensively in the last few decades with advances in scaffold design to form
arbitrary DNA origami designs in both two and three dimension. Many of these nano
structures have been utilised as molecular breadboards for biosensing, also, previous
research in bioelectronics group have evidenced DNA origami as a molecular platform
for molecular interaction studies including proteins [257].
Usually, the role of nanoscale materials used in the biosensor scheme would be
different according to their distinctive properties and biosensor design, for example, as
immobilisation support, as mediators, or as signal amplifiers. With the use of DNA
nanostructures one could satisfy the aforementioned parameter objectives in a label free
manner if combined with nanopore sensing technology.
Thus in this project, by effectively making use of the expertise within the bioelectronics
group, DNA frame nanostructures that are capable of anchoring the analyte and
subsequently impart sensitivity and specificity to the biosensor via nanopipette based
resistive pulse detection, were designed. This was done with an aim towards tackling few
of the challenges in the field of nanopore sensing, particularly 1) screening single protein
molecules 2) imparting specificity and sensitivity 3) achieving quantitative sensing.
Previous work in literature discusses translocation of different DNA nanostructures of
few tens of nanometer that could be successfully differentiated by using the variations
in translocation peak dwell time and current amplitude, thus demonstrating the relation
between ion current and sample geometry. Also, it has been shown that via examination
of the translocation dwell time one could extract properties of the sample like their length
and folding state. In this thesis, the potential of nanopipettes is extended further to
differentiate differently folded DNA origami nanostructures and their subsequent use as
carriers conveying target bound state via specific ion current signature.
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10.1.1 DNA origami as carriers
This way of anchoring analytes to a biomolecule ‘carrier’ has been studied previously
with the use of linear DNA molecule. Barcoding and multiplexing for different protein
molecules have also been researched, as presented previously in the literature review, for
both qualitative and quantitative detection. The main idea in these approaches is to search
for events within events (sub–peak ion current).
In this thesis, it is shown that the many setbacks of the long linear DNA carriers could
be overcome via the use of well formed DNA origami as carriers. First, the use of DNA
origami implies a definite structure designed with specific dimensions and they are not
in random coil or folded state in solution and during their passage via nanopore. This
eliminates the occurrence of false positive events due to folds and knots which are always
observed in long DNA translocations. We also remove the various ion current signatures
that stem from directional ‘tail to head’ and ‘head to tail’ translocations.
Moreover, through chapter 7 and 8 it is evidenced that the DNA frame origami
nanostructures give rise to double peak ion current signature that is characteristic to
the shape of the nanostructure. Thus unlike the linear DNA carrier, DNA nanostructure
carriers have a specific ion current signature that can be visually recognised.
10.1.2 Quantitative sensing
Further in chapter 8 it is evidenced that the specific ion current signature of frame
DNA origami structures could be influenced by manipulating the frame dimension. The
dimension of the outer frame in relation to the inner cavity produces a split in the ion
current structure due to an increased flow of ion and varied counterion distribution. Also,
the split in ion current (double peak) becomes less significant with decrease in cavity size
and eventually merges to present a single peak.
Thereupon in chapter 9, this direct correlation of cavity space to ion current signature is
made use of for arriving at a unique and robust mechanism for detecting analyte occupied
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DNA origami carrier. By placing a aptamer within the cavity space, and upon capture
of the target analyte, results in a change in the ion current peak signature of the carrier.
Here, a true or false biosensing signal can be directly encoded into the ion current peak
signatures, single and double respectively, due to the presence and absence of the bound
analyte within the central cavity of the DNA origami.
Also, it is important to note that the inner cavity of the DNA origami should be sufficient
enough to provide a distinguishable double peak and the outer frame structure should
be rigid and sized in dimension comparative to the nanopipette pore size thus presenting
a high signal to noise at every signal translocation. More importantly the inner cavity
dimension should also be in relation to the bound target size that upon binding the peak
signature changes. In this thesis for detecting CRP the DNA nanostructure contained a
small inner window (35×35 nm) whilst its outer frame structure was 95×95 nm, which
was adequate to produce double peaks and transpire as single peaks upon CRP capture
which is of ∼11 nm in diametre.
Additionally, the translocation experiments revealed that the CRP–occupied and
unoccupied carriers can be differentiated via dwell time and peak amplitude as shown
in the 95% confidence ellipse in the peak amplitude–dwell time scatter plots. This taken
together with the distinct ion current signatures allows for a three–parameter classification
wherein the capture rate is calculated by number of single peaks against the total classified
events observed in an ion trace. Using this strategy quantitative detection down to 3 nM
was possible.
Diagnostic devices for detecting and sensing biomarkers for disease identification or
therapeutic intervention need to be highly selective and sensitive thus capable of
identifying the target analytes in clinical samples with no or very less sample preparation.
While most proof of concept studies present their abilities in purified samples or clear
buffer solutions, the real scenario with biological samples is much more complicated
with presence of complex protein mixtures, salt and other background molecules. Thus,
this work also demonstrates the ability of DNA origami carriers to quantify CRP in human
plasma samples at concentrations as low as 9 nM, using the three–parameter classification.
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10.2 Outlook and future developments
Our highly sensitive nanopipette–DNA origami sensing system also has enormous
possibilities for future improvements, for one it could be easily extended as a multiplex
system with barcodes for labelling.
10.3 DNA origami barcode
As is evident from this thesis, the concentric squares in chapter 8 exhibit different
peak amplitude, dwell time and ion current signatures that are significant enough to
differentiate each other via nanopipette translocation. Thus these structures were further
exploited to form dimers and trimers by linking individual DNA origami monomers
together in order to study the potential of these structures as barcoding system. This
was achieved by end modifying the staple sequences present at the ends of the concentric
square DNA origami to form linkers with sticky ends that extended out. Assembly of the
dimer and trimer chains were driven via Watson–Crick hybridisation of multiple sets of
sticky ends. The end modification concept was adapted according to our needs from Zenk
et al. [261].
For this purpose, four sets of 6 linkers that can be arranged on either or both sides of the
concentric square structure, as shown in figure 10.1 were designed. Since the concentric
squares have a common outer scaffold region and consequently similar staples, the linkers
can be interchangeably used between the 3 DNA nanostructures. The end modification
consisted of a linker sequence, polyT blockers and spacer sequence. The linkers 6 bp in
length facilitates specific interactions between the concentric squares, the polyTs (4 bp)
allow linkers to transverse helices flexibly, and lastly the 7 or 8 bp spacer sequences
are intra complementary within the monomer. These end modifying sequences were
designed so that after hybridisation of the concentric squares the distance between two
DNA nanostructures would be 21 bp (∼2 helical turns), this spacing ensured there was
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torsional twist between the monomers resulting in an effectively planar structure.
Figure 10.1: DNA origami barcode design. Schematic illustrating a) the linker sequence
designed as part of the staple sequence (red) so that it is partially complementary with
the scaffold edge sequences (blue). b) A representative example of linking two monomers
ConA and ConC using 6 linker pairs between the monomers.
10.3.1 Barcode assembly
The concentric squares ConA B and C with modified end staples were individually
folded and purified to result in nanostructures with sticky ends. Subsequently, different
combinations of DNA nanostructures, were pooled together and subjected to thermal
annealing by heating upto 30◦C with a 0.5◦C/minute reduction to 15◦C. And as
such two combinations of dimers (ConA+ConB and ConA+ConC) and one trimer
(ConB+ConA+ConC) was studied. AFM micrographs of the successfully hybridised
dimers and trimers are shown in figure 10.2.
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Figure 10.2: Representative
examples of the successfully
formed dimers and trimer each
measuring a total of ∼200×85
nm and∼300×85 nm in external
dimension respectively. a) Dimer
formed between ConA and ConC
b) ConA and ConB dimer c)
ConA B and C trimer.
Preliminary translocation experiments of these dimers and trimers generated interesting
data, of the three combinations the dimer formed with ConA and ConC resulted in a
mixture of ion current peak signatures, in that, ion current peak signatures that were
distinct from those observed for the monomers were evident. While the ion current
trace events did exhibit single peaks and double peaks as observed for the monomers,
there were also countable number of events representing three peaks (see figure 10.3).
These three peak structures accounted for ∼ 30% of the total peak count as shown in
table 14 in appendix F. While the single peaks could be from the broken dimers and
unformed monomers, the multiple peak signatures could represent intact dimers. Data
analysis of the events revealed a dwell time mean of 0.41±0.05 ms, which is greater than
that observed for the monomers ConA (0.15 ms) and ConC (0.31 ms) individually, thus
suggesting evidence for translocation of dimers. Also the peak amplitude data of the
Chapter 10. Conclusions and Future Developments 162
dimer (ConA+C) presented with a wider peak amplitude distribution with 99±2 pA.
Figure 10.3: Data analysis of the nanopipette translocation ion current trace for
ConA+C dimer samples. a) Histogram graphs representing a mean dwell time of 0.41
ms and peak amplitude of 99 pA along with b) some examples of observed ion current
signatures.
However, ConA+B dimers and ConA+B+C trimer samples did not present with a
distinctive ion current signature. Data analysis of the trimers showed a dwell time of 0.6
±0.01 ms, which is larger than that observed for the dimers and individual monomers.
Also, peak amplitude histogram revealed two clusters with mean peak amplitude of
155±36 pA and higher. Whereas, ConA+B dimers produced a mean peak amplitude
of 73±4 pA and dwell time of 0.36±0.1 ms. Individual histograms and ion current
signatures observed for both these samples are provided in the appendix F.
Thus, while the ability of the DNA origami structures to be modified for successful
dimer and trimer formation is evidenced through this preliminary work (as visualised via
AFM), translocation characteristics via nanopipettes requires further study for absolute
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confirmation and differentiation between the samples.
Possible improvements to the barcode design
The indistinguishable peak signatures observed for these samples upon translocation
could stem from the inability of the nanopipettes to separate out the individual
components of the dimers and trimers, this could be rectified via modifications as
suggested below.
1. To achieve a high signal to noise with distinct peak signature the DNA origami
needs to be engineered in a more robust format. For this one could increase the
length of the linker sequences connecting the monomers (figure 10.4b) to separate
out the DNA nanostructures for achieving better differentiation.
2. Also, the DNA nanostructures used throughout this thesis is of single layer, i.e., the
thickness of the structures is equal to a single DNA duplex. By designing DNA
nanostructures with multiple layers (figure 10.4c) one could increase the thickness
thus arriving at an even more robust geometry subsequently capable of better signal
to noise owing to the overall increase in mass and charge. This robust design will
also reduce/eliminate any broken or fragmented DNA structures.
This improved nanostructure design could then be used for detecting various protein
molecules, using different aptamers, in one sample mixture simultaneously. For
example, the empty chain of DNA nanostructures without any aptamers will act as the
barcode section. The barcode section will be followed or preceded by specific aptamer
incorporated DNA nanostructures which will accomplish the detection and quantification
of specific proteins, including those present at a low concentration.
Here, the aptamers ensure specificity and a unique signal via the translocation event in
relation to the size of a given protein. Using different aptamers in the DNA nanostructure
chain for different proteins will enable multiple protein capture from a single sample
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Figure 10.4: Schematic of a) the barcoded multiplexing system where, the empty
nanostructures acts as the bardcode with a specific binary output succeeded by the
carriers with aptamers for multiple targets. b) Depiction of two DNA nanostructures
connected by a linker sequence of increased length and c) multilayer DNA origami for a
robust 3D origami structure.
volume. The barcodes can be designed to provide varying binary outputs (see figure
10.4a) succeeding or preceding specific protein specific carrier which would corroborate
the results of the sensing system further. Another improvement to be targeted in this
system is very high sensitivity with signal processing advancements.
As such, aptamer modified DNA origami carriers in combination with nanopore sensing
has great potential for biosensing. In a clinical and medical perspective, these sensors
do not require a large volume sample and are capable of low concentration detection,
thus screening or quantifying a specific biomarker in biological samples like blood, urine
and sweat becomes possible in a quick minimally invasive manner. More over, the
nanopipettes with its versatility can be coupled or integrated to microfluidic devices, for
further application.
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Appendices
A Nanopipette pulling parameters
In this appendix, the different nanopipette pulling parameters tested in chapter 7 to arrive
at the sample specific pore size are listed along with representative SEM micrograph of a
nanopore pulled using the same parameters.
Table 1: Pulling parameters for quartz capillaries of 0.5 mm inner diametre and 1.0 mm
outer diametre, producing pore diametres of ∼20–30 nm.
HEAT FIL VEL DEL PULL
575 3 35 145 75
900 2 15 128 200
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Table 2: Pulling parameters for quartz capillaries of 0.5 mm inner diametre and 1.0 mm
outer diametre, producing pore diametres of ∼10–20 nm.
HEAT FIL VEL DEL PULL
650 3 30 145 190
HEAT FIL VEL DEL PULL
650 2 30 145 170
HEAT FIL VEL DEL PULL
650 3 30 145 170
Table 3: Pulling parameters for brosilicate capillaries of 0.5 mm inner diametre and 1.0
mm outer diametre, producing pore diametres of ∼250–280 nm.
HEAT FIL VEL DEL PULL
700 4 60 145 175
Appendices 167
Table 4: Pulling parameters for brosilicate capillaries of 0.5 mm inner diametre and 1.0
mm outer diametre, producing pore diametres of ∼150–200 nm.
HEAT FIL VEL DEL PULL
650 3 15 128 170
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Table 5: Pulling parameters for quartz capillaries of 0.5 mm inner diametre and 1.0 mm
outer diametre as listed in tables 1 and 5.1 in chapter 5, producing pore diametres of
∼20–30 nm and ∼80–100 nm.
pore size ∼20–30 nm pore size ∼80–100 nm
pore
resistance
(MΩ)
pore size
(nm)
pore
resistance
(MΩ)
pore size
(nm)
87.4 95.46 175.9 29.47
104.2 79.97 178.3 27.58
94.6 88.74 170 31.59
105.2 72.73 170.6 30.17
95.4 83.41 166.2 36.01
98.5 81.23 200 18.58
75.6 109.6 180.4 26.15
98.4 80.73 187.4 22.42
102.4 77.86 175 29.15
96.4 91.42 177.5 28.74
97.4 85.46 185.5 24.13
94.2 89.97 160.8 34.84
98.2 82.73 160 32.92
85.4 93.41 180.3 26.48
88.5 91.23 202.3 16.8
80.6 100.6 204.8 16.21
88.4 90.73 189.2 20.88
92.4 87.86 180.2 21.34
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B DNA origami scaffold routing
In this appendix, the different DNA origami nanostructure used throughout this thesis is
provided as schematics. The scaffold and staples strand routing design to form the various
structures, tiles and frames, are shown.
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C Appendix for chapter 7
In this appendix, the different ion current signatures observed for the DNA origami
nanostructures of different dimensions studied in chapter 7 is presented. Also, Gel
electrophoresis study for the respective DNA nanostructures and the graph showing pore
size to resistance correlation for a set of nanopipettes used in chapter 8 is provided.
Table 6: Number of double peaks (dp) observed for frame DNA origami (F1 and F2) and
tile DNA origami (T1 and T2) for two nanopipette translocations conducted on different
days.
Pipette F1 F2 T1 T2
dp total dp total dp total dp total
1 55 90 109 206 10 145 14 355
2 59 102 72 114 14 204 9 134
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Figure C.15: Array of double peak signatures obtained for frame DNA origami samples
F1 and F2.
Figure C.16: Array of single peak signatures obtained for frame DNA origami samples
F1 and F2.
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Figure C.17: Agarose gel electrophoresis analysis of a) the folded frames (F1 and F2)
and tiles (T1 and T2) in 0.5% agarose run at 80V for 1 hour at 4 degree Celsius. The
second lane containes the m13 scaffold run as control and the lanes 3, 4, 5, 6 have
the respective intact DNA nanostructures. b) The adjacent gel contains the frame DNA
origami F1 after and before purification via s400 columns to remove excess staples.
Figure C.18: Graph showing the correlation between pore resistance and pore diametre
for seventeen ∼80-100nm pore sized pipettes fabricated using parameters as outlined in
methods and materials chapter. The inset shows the correlation between the measured
and calculated pore diametre, Ds and Da respectively. The dotted lines represent least
square fits of a first order polynomial to the data.
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D Appendix for chapter 8
This appendix accounts for the additional figures not included in the main content of
chapter 9, this comprises the elaborate protocol for concentric square scaffold assembly
along with design maps and ion current signatures of the concentric square samples.
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Figure D.19: Concentric square design map. The schematic portrays the different steps
towards arriving at the ssDNA scaffold for concentric square A. Three fragments namely,
fragment 1 and 2 derived from lambda phage DNA and fragment 3 from pBluescript II
SK(+) plasmid are cloned together to form the 9073 bp scaffold.
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Figure D.20: Construction of concentric square B and C, is achieved by PCR
amplification of ConA with specific primers incorporated with restriction digest sites,
KasI and BmtI, for conB and C respectively. The resulting custom DNA is then
transformed in E.coli.
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Figure D.21: AFM images of concentric squares ConA,B and C indicating effective
folding. The folding efficiency of ConA sample and ConB with the smaller void was
estimated to be >80%, whereas the number of intact ConC DNA structure was ∼65%,
the lower efficiency of ConC samples could be due to the mechanical fragmentation with
the AFM tip.
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Figure D.22: Array of events representing the single peak ion current signatures as
observed for concentric square ConA samples
.
Figure D.23: Array of events representing the single peak ion current signatures as
observed for concentric square ConB samples.
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Figure D.24: Array of events representing the single peak ion current signatures as
observed for concentric square ConC samples.
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Figure D.25: Agarose gel electrophoresis of concentric squares ConA,B and C with one
visible band indicating effective folding. The electrophoresis was conducted in 0.5%
agarose for 2 hours at 4◦C, the electrophoresis buffer was 1 X TAE with 11 mM MgAc.
Table 7: Number of double peaks (dp) observed for ConA, ConB and ConC for two
nanopipette translocations conducted on different days.
Pipette ConA ConB ConC
dp total dp total dp total
1 13 90 107 112 117 138
2 7 85 68 125 102 87
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E Appendix for chapter 9
Herein, ion current event data calculated for the samples used in chapter 9 in addition to
those provided in the main content are presented in various figures and tables. The graphs
and tables are grouped into different sections for ease. Section 1 consists of the various
SPR data for the three aptamers tested. Section 2 and 3 contains all the data for carrier 1
and carrier 2 respectively.
Section 1 - SPR analysis
Figure E.26: SPR response data plotted against time shows an increased binding of CRP
in the presence of calcium against aptamer 1.
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Section 2 - Data for carrier 1
Figure E.30: SEM image of a) nanopipette tip with a b) pore diametre of approximately
100 nm. c) Representative Current - Voltage curves for 20 nanopipettes used in this study,
the ion current was recorded in 0.1 M KCl.
Figure E.31: AFM image of successfully folded DNA origami carrier.
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Figure E.32: AFM images of CRP deposited on mica.
Table 8: Normalised single peak counts (single peaks/(single peaks+double peaks)) for a
2 minute ion current trace for 3 different nanopipettes. The carrier concentration was 9
nM. This table is compiled from the data provided in table 9.
CRP Carrier ratio average std
nM sp/(sp+dp)
pipette1 pipette2 pipette3
3 0.25 0.2 0.19 0.21 0.032
6 0.29 0.34 0.26 0.29 0.040
9 0.47 0.42 0.39 0.42 0.040
18 0.57 0.57 0.48 0.54 0.051
27 0.71 0.67 0.67 0.68 0.023
36 0.83 0.77 0.89 0.83 0.060
45 0.94 0.81 0.89 0.88 0.065
90 0.92 0.89 0.91 0.90 0.015
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Figure E.33: A step wise schematic of classifying single peaks, double peaks and
unclassified peaks using dwell time, peak amplitude and ion current structure.
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Figure E.34: Individual histograms of dwell time and peak amplitude observed for the
carrier samples with aptamer 1 (carrier 1) incubated with varying concentration of CRP.
The histograms are fitted with gaussian curves.
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Figure E.35: Scatter plots of ion current events (peak amplitude versus dwell time) for
carriers made with aptamer 1 incubated with different CRP concentration (3 to 90 nM).
The individual observed ion peaks are classified as described in the main text and colour
coded (double peaks orange and single peaks blue, triangles represent unclassified events
which are not considered for analysis). The orange and blue ellipses represent the 95%
confidence ellipses for double and single peaks and are taken from the analysis described
in figure 9.7.
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Figure E.36: To eliminate doubt of false positives due to broken or disintergrated
carriers, the DNA nanostructures were degraded by incubation in 10 mM CaCl2 at room
temperature for 30 minutes. The presence of Ca disintegrates the DNA origami structure
by replacing the Mg ions holding the origami together. (i) AFM micrographs showing
degraded carriers. (ii) Ion current trace for the degraded samples recorded for about 2
minutes resulted in very few events. A range of different peak shapes were observed as
shown. (iii). Scatter plot of peak amplitude versus dwell time, with the 95% confidence
ellipses overlaid. The observed peaks fell outside the overlaid ellipses.
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Figure E.37: To further confirm that there were no false positives resulting from broken
carriers in the presence of calcium, the DNA nanostructures were incubated in the binding
buffer with 2 mM CaCl2 at room temperature for longer hours (4 hours). It was seen
that long exposure to Ca2+ affects the stability of the DNA origami structure but the
translocation experiment allows to exclude them from being counted as false positives. (i)
AFM micrograph showing a mixture of intact and degraded carriers (indicated by white
arrows). (ii) Peak amplitude and dwell time histograms of the translocation ion current
peaks. A range of different peak shapes were observed, including ‘w’–like peaks, narrow
single peaks and single peaks with shoulders. (iii). Scatter plot of peak amplitude versus
dwell time, with the 95% confidence ellipses overlaid. Only around 10% of peaks which
resemble single peaks also fall into the single peak 95% confidence ellipse.
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Figure E.38: AFM images of carrier incubated with CRP at ∼36 nM, the binding
efficiency calculated from the AFM images is >60% for a 1 : 4 ratio.
Figure E.39: AFM images of carrier with specific aptamer opposite to the polarity
marker and nonspecific aptamer adjacent to the polarity marker incubated with CRP at
∼9 nM. The yellow single arrow points out the CRP bound to the specific aptamer in the
carrier (47–55%) and the white colored double arrow marks the few non specific binding
(7–20%).
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Figure E.40: AFM image shows an empty carrier and a carrier bound to CRP, step
analysis using the nanoscope software as shown in the adjacent graphs shows the DNA
carrier height from the mica surface to be 1.8 nm and height of the bound CRP to be 2.9
nm, i.e., ∼1 nm higher than the carrier.
Figure E.41: Scatter plot of peak amplitude versus dwell time for carriers (9 nM)
subjected to four different concentrations of CRP (0 nM, 3 nM, 9 nM and 36 nM) in
plasma. For 0 nM, no single peaks were observed, and the cluster of double peaks was
used to define the 95% confidence interval for the unoccupied carrier. Similarly, the 95%
confidence ellipse for the single peaks was generated from the data of the highest CRP
concentration.
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Table 9: Number of single peaks, double peaks and unclassified events observed for
carriers incubated with different concentrations of CRP for 3 different nanopipettes
measured on different days. sp–single peaks, dp–double peaks, un–unclassified peaks
CRP pipette1 pipette2 pipette3
nM sp dp un total sp dp un total sp dp un total
3 10 29 21 60 9 36 11 56 9 38 13 60
6 19 46 18 83 18 34 30 82 12 34 16 62
9 46 52 16 114 19 26 12 57 31 49 27 107
18 41 31 14 86 19 14 17 50 32 35 17 84
27 58 24 13 95 36 18 15 69 39 19 12 70
36 84 17 17 118 67 20 36 123 58 7 24 89
45 132 8 22 162 59 14 9 82 72 9 16 97
90 105 9 11 125 48 6 13 67 64 6 11 81
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Table 10: Normalised single peak counts (single peaks/(single peaks+double peaks)) for
3 different ion current traces. The carrier concentration was 9 nM. This table is compiled
from the data provided in table 11.
CRP trace1 trace2 trace3 average std
3nM 0.14 0.13 0.18 0.15 0.02
9nM 0.61 0.64 0.55 0.6 0.04
36nM 0.95 0.84 0.77 0.85 0.09
Table 11: Number of single, double and unclassified events observed for CRP spiked
plasma samples for three ion current traces of ∼2 minutes each. sp–single peaks,
dp–double peaks, un–unclassified peaks, total–total number of events.
CRP(nM) trace 1 trace 2 trace 3
sp dp total un sp dp total un sp dp total un
3nM 5 22 32 5 4 27 41 5 4 23 30 3
9nM 20 16 43 7 46 25 87 16 24 15 52 13
36nM 90 26 128 12 117 21 142 4 61 3 69 5
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Section 3 - Data for carrier 2
Figure E.42: AFM images of carrier 2 incubated with CRP at 6 nM (1 : 1 ratio), the
specific aptamer is placed opposite to the polarity marker. The arrows indicate CRP
carriers, resulting in about ∼40% occupied frames and <10% non specific interaction
with the nonspecific aptamer adjacent to the polarity marker.
Figure E.43: Scatter plot of peaks for unoccupied carriers (left) and carriers incubated
with a 17× excess of CRP (100 nM). Ion current events which are double peaks are
plotted on orange, and the ones that fall inside the 95% confidence ellipse are plotted as
circles, the others as triangles. Only events that fall within the 95% confidence ellipse are
considered double peaks. The same analyses were carried out for single peaks (plotted in
blue). Ion current events which resembled neither a double nor a single peak are shown
as black triangles and are excluded from the analysis.
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Figure E.44: Individual histograms of dwell time and peak amplitude observed for the
carrier samples with aptamer 2 (carrier 2) incubated with varying concentration of CRP.
The histograms are fitted with gaussian curves.
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Figure E.45: Scatter plot of ion current events plotted with their peak amplitude against
dwell time for carrier 2 incubated with different CRP concentration(6 to 100 nM), the
ion peak signatures of double peak and single peaks observed for the samples are color
coded orange and blue respectively and indicated by a 95% confidence eclipse obtained
from figure E.43, unclassified events are represented as triangles.
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Table 12: Normalised single peak counts (single peaks/(single peaks+double peaks)) for
2-minute ion current traces for 3 different nanopipettes. The carrier concentration was 6
nM. This table is compiled from the data provided in table 13.
CRP Carrier ratio average std
nM sp/(sp+dp)
pipette1 pipette2 pipette3
6 0.28 0.38 0.28 0.31 0.06
12.5 0.44 0.36 0.45 0.42 0.05
25 0.62 0.60 0.67 0.63 0.03
37 0.77 0.75 0.86 0.79 0.06
50 0.88 0.82 0.94 0.88 0.06
100 0.95 0.96 0.93 0.95 0.01
Table 13: Number of single peaks, double peaks and unclassified events observed for
carriers incubated with different concentrations of CRP for 3 different nanopipettes
measured on different days. sp–single peaks, dp–double peaks, un–unclassified peaks.
CRP pipette1 pipette2 pipette3
nM sp dp un total sp dp un total sp dp un total
6 8 31 12 51 12 37 9 58 8 33 13 54
12.5 35 48 19 102 17 31 17 65 24 30 11 65
25 40 15 25 80 30 13 28 71 35 12 11 58
37 78 11 10 99 38 9 22 69 55 9 12 76
50 58 10 23 91 174 22 39 235 77 8 22 107
100 58 6 6 70 53 4 12 57 111 11 22 144
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F Appendix for chapter 10
Table 14: Number of single peaks (sp), double peaks (dp) and triple peaks (tp) observed
for dimers formed from ConA and ConC for two nanopipette translocations conducted on
different days.
Pipette ConA and ConC dimer
sp dp tp total
1 25 10 15 50
2 18 12 14 44
Figure F.46: Figure shows the individual histograms of dwell time (0.36 ms and 0.6
ms) and peak amplitude(73 pA and 155 pA) for a)ConAB dimer and b)ConABC trimer
samples respectively. The Figure also includes the observed ion current peak structures
for both the samples. The histograms are fitted with gaussian curve.
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